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Abstract
Development of a low cost instrument for tidal flow measurement
By Thomas Daly
This project examines current technology for the production of energy from wave and tidal
sources and the pros and cons of the different types of technology available. It also looks at the
possibility of producing energy from tidal streams on a micro scale for local use. It identifies
some of the barriers to this and attempts to solve one of those barriers by developing a low cost
instrument which would be capable of assisting in the surveying of possible sites for micro tidal
energy production in a cost effective way.
As part of this process an off the shelf marine grade instrument is identified which if adapted and
deployed correctly could carry out the required function. A deployment device was designed
with the use of computational fluid dynamics that was capable of housing the instrument and its
ancillary electronics while at the same time not interfering excessively with the flows that are to
be measured. A design was eventually arrived at which produced an error of less than 3% while
still giving a resolution of 0.05m/s. The CFD model which was developed was then verified with
the use of a wind tunnel.
Systems for the mooring of the device and for adjusting the buoyancy of the device, so that flow
measurement could be taken at pre-determined depths are also proposed. A system of powering
the device for use over prolonged periods is also proposed.
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1.1

Introduction

Renewable Energy

Renewable energy is very important to the continued growth of European economies in the
future as the over dependence on imported fossil fuels poses one of the greatest risks to Europe’s
growth and stability in the future.
It is for this reason that great emphasis has been placed in increasing the amount of energy that
we produce from renewable means and very ambitious targets have been set by the European
parliament for the production of renewable energy by 2020.
In many European countries, electricity production in being de-centralised in that instead of
building large power plants, the emphasis on power production is moving towards having many
small locally owned and operated units producing power from renewable means and all of them
feeding into the grid. This system could involve individuals making an investment in a wind
generator to supply electricity to their home and supplying the excess to the grid. I'his type of
approach offers countries the best chance of meeting EU targets for renewables by 2020.
Many different types of renewable energy will have a part to play if these targets are to be
realised. I’hese include wind, solar (both thermal and PV), bio-mass, wave, hydro and tidal.
Some of these projects will be on a very large scale while others may be on a very small scale
but all will contribute to the overall goal. Some small scale projects may not contribute power to
the grid directly but may instead reduce the power that is required from the grid which in effect
contributes to the overall project.

1.2

Site Selection

When considering a renewable energy project, one of the most important factors to be
determined is the return on investment. If a project is not capable of producing enough energy
over time to enable it to be financially viable, it will never be built in the first place. Therefore
the most important consideration is whether there are sufficient energy resources available at a

proposed site to justify the construction of a project. This assessment will in all cases require a
study of the resources at the site, be they sun, wind, waves or tidal streams. There is no point in
building wind turbines in the shadow of a hill from which direction the predominant wind blows.
The surveying of a site can be expensive due to the expertise involved and the equipment
required. This is not an issue when a large project is being considered as it would only amount to
a small part of the available budget required for the completion of the project but it could
become an issue when a small project is being considered and could then amount to substantial
portion of the overall budget and the costs involved may render the whole project unviable
before it gets off the ground.
One type of renewable which may have the potential to make a considerable contribution to the
proposed renewable targets for Ireland is tidal energy. Ireland is very suitable to this type of
energy production because of the tides around its coast and the many tidal bays and estuaries
which could offer the opportunity for energy production on a micro basis. This would allow
companies and communities adjacent to these bays and estuaries to undertake small scale
projects which would produce power for local use. Tidal power is very predictable and the
benefits that can be expected from a tidal power installation could be well established before a
project is undertaken. However expensive surveying and site assessment of these areas could
prevent this type of development.

1.3

Project Aims

The takes an overall look at devices, available or under development for extracting energy from
the sea. Both wave devices and tidal stream devices are looked at. Some devices have been
deployed in recent times both as test devices and as commercial energy generating devices.
Assuming that these devices prove themselves to be reliable and efficient it would be possible to
produce these devices on a smaller scale for micro power generation.
The technology for measuring current velocities is examined and their suitability for use as site
assessment devices will be determined.

The project also looks at the possibility of making site surveying more cost effective so that the
smaller micro tidal projects could be assessed and developed if suitable without the surveying
costs making the project unviable before it starts.
It looks at the possibility of developing a low cost instrument which could measure tidal stream
velocities.
The project identifies the important and desirable features of a device to measure tidal stream
information and to incorporate them into a design for a new device.
It identifies a sensor that would be suitable for measuring tidal streams and that would be
accurate and have good resolution.
A way of storing and recovering the recorded data was devised.
A method of deploying, mooring and recovering the device was established.
A device was designed that is capable of housing the sensor and ancillaries without having a
negative impact on the flows that are to be measured. This involves extensive use of
computational fluid dynamics (CDF).
The device designed with the aid of CFD was needed to be verified. Ideally this should have
been done in a flume tank but an alternative way of verification had to be determined because a
flume tank was unavailable for testing. Model verification was achieved with the use of a wind
tunnel.
An actual device was not produced within the time constraints of this project but the device was
designed and researched to the point that it is possible for it to be completed at a later stage.

2
2.1

Literature Review

Tidal Power

Extracting energy from the tides is not a new idea. A tidal mill dating back to A.D. 789 was
recently discovered at Nendrum Monastery in Northern Ireland and it is the oldest vertical tidal
mill in Europe. The UK has a record of tidal mills since Roman times and the Doomsday Book
lists over 200 tidal mills in Suffolk alone.[l] Technology may have come a long way since but a
lot of work is still required before even a fraction of the energy available in tides is extracted
successfully.
Many different devices have been developed over the last number of years in order to generate
electric power from both tidal waves and tidal streams. These developments have been helped by
the advances that have been made in wind turbine technology over the last twenty years or so.
There are a number of proposals to combat the latter problem such as using off peak power to
pump water into storage facilities so it can be used for hydro power generation when required.[2]
Tidal power could solve some of the problems inherent in wind power such as the obtrusiveness
of the generators and the opposition that comes from that and also the problem of the
unreliability of the wind. Most tidal stream power generators are either low profile devices or are
semi-submerged or fully submerged. The power generated from these devices is also highly
predictive as tidal currents can be determined due to their synchronous nature. This means that
the power produced from these generators can be planed for and incorporated into the grid
successfully by taking traditional fossil fuel powered generators offline for the periods that tidal
power is available.
The North East and the East coast of Ireland is recognised as having great potential for tidal
stream generation and if fully utilised, could produce much of the domestic power needs of
Ireland. There are however a number of technological challenges to be overcome before this will
be possible. The depth of water in these areas poses a challenge however some of the
technologies that could possibly harvest the potential power from these areas are still in
development and the task of grid connection will also necessitate a large investment in
infrastructure in the future.

2.2

Tidal Resources Available Around Our Coast

The European Union and its member states have set targets for renewable energy production
into the future and as part of the strategy to achieve these aims, a number of studies have been
carried out in order to access the potential for clean energy production. These include studies of
marine tidal current resources around the island of Ireland and their potential to produce energy
in the future. The following is a table of tidal resources available around the coast of Ireland. The
resource categories range from the theoretical resource available to the viable resource available
when all the limiting factors are considered. As technology advances, the effects of these limiting
factors will be lessened and therefore the viable resource should increase accordingly.[3]

Table 1

Energy Resource Categories [4]

Resource
category

Definition of resource category (Abbreviated)

Theoretical

Gross energy content bet./een 10m depth
contour and 12 nautical mile territorial limit
Theoretical resource limited by existing turbine
support structure technology and to minimum
current of 2.0m''sec
Technical resource limited by wave exposure,
sea bed conditions, shipping lanes, military
zones and disposal sites
Practical resource limited by environmental
constraints specific to each site.
Constraint
indeterminate at report stage
Accessible resource limited by commercial
constraints including development costs and
market reward

Technical

Practical

Accessible

Viable

Resource
Total (TWh/yr)
230

% Electrical
Consumption
(2010)
500

10.46

25

2.63

6.27

2.63

6.27

0.92

2.18

Figure 2.2.1 is a computational model of depth averaged peak spring tidal currents around the
coast of Ireland.
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Depth Averaged Peak Spring Currents [4]

The viable resources arrived at in these studies are based on the maturity of the technology
available in 2010. As technology advances, as is the natural progression when devices are tested
and deployed, the viable resources will increase. This also applies to the fact that greater scale of
production will also reduce the cost of manufacturing the devices required to harness the

available energy and therefore make them more commercially viable in areas where that might
not be the case currently.
The following figure gives an indication of where the currently estimated viable energy
resources may be commercially realized around the Irish coast at present.

Figure 2.2.2

2.3

Commercially Viable Energy Resources [4]

Tidal Energy: Advantages and Disadvantages

Tidal energy may have a significant part to play in the movement towards self-reliance and
sustainability. Tidal energy offers a number of significant advantages over wind power, the most
important one being that tides are very predictable and therefore the energy produced by tides
can be planned for which will allow other energy sources switched in and out on a planned basis.
The energy is also guaranteed to be available twice every twenty four hours unlike wind which
may be off line for days due to calm weather conditions. Most tidal devices are sub-surface and
therefore unobtrusive and therefore do not have a negative visual impact as wind generators can.
Tidal devices also have some disadvantages when compared to wind power however technology

is advancing all the time and many of the issues that were problematic in the past have been
overcome.
Tidal technology development is a long way behind wind energy development at the moment but
there are now many companies and organizations working in this field and with the experience
of deploying test devices and installing the first commercial devices, significant steps are being
taken towards overcoming the inherent problems of operating in the harsh environments where
these devices will be deployed. While most wind energy devices operate on the same generic
principle, there are many imaginative ideas for extracting energy from tidal currents and it may
yet be the case that these differing technologies will all find an area or a situation where their
application is suitable for the local conditions and requirements.
One problem with tidal devices is grid connection and the costs involved in supplying grid
connection to many of the locations where tidal power exists to extract energy on a commercial
basis. Many of these sites are in isolated areas or are a long way offshore.
The installation ot micro tidal generation (<20kW) in locations where the power can be used
locally could negate the grid connection problem. Again this power would be highly predictive
and this would allow for accurate payback predictions for the project.

2.4

A Review of Ocean Powered Energy Devices

Countries that have large coastlines have the potential to produce a large amount of their power
requirements from wave and tidal stream sources.
The power P per unit width of a wave front is given by equation 1.
1

f)U~

O'l

.T

-

,

(eql)

Where P is in W/m, Hs is the significant wave height and Tg is the period of the wave. [5]
The significant wave height (Hs) is the average height of the highest one-third waves in a wave
spectrum

The power /’o(W) available from a stream of water (in the absence of significant changes in
depth or elevation) is given by equation 2.
l\, =

(eq2)

Where ^(m^) is the cross sectional area of the turbine under consideration, />(kg/m^) is the
density of the fluid and Vo(m/s) is the unperturbed velocity of the fluid. [5]
There are numerous designs for tidal and wave generating devices, although there does tend to be
more wave generating designs than tidal stream designs. Because there are so many designs,
there has been a fractured approach to the development of the ocean energy industry. This is
especially so with ocean wave devices with many manufacturers building their own generators
and testing them. This approach dilutes the amount of funding available for research and
therefore delays the ultimate success of a commercially viable device. If a few of the more
promising and better developed devices were singled out for financial support and others
abandoned it would possibly move things along at a faster pace.
In the tidal stream area a few devices are coming to the fore and it will probably turn out to be
these devices or a further development of them that will mainly contribute to success of the tidal
stream energy industry.
The following is a review of some of the better known and developed devices for ocean wave
and tidal stream energy generation. The designs that are previewed here are only a fraction of the
designs in development and under test at present but these designs are some of those at advanced
stages of development or are operational in some form at present. The scope of this thesis does
not allow for an in depth look at all the wave energy and tidal stream devices under development
at present.

2.4.1

Pelamis

Pelamis is composed of cylindrical sections linked by hinged joints. The whole unit is semisubmerged and therefore subject to wave induced motion which acts on the hinged joints. This
motion is resisted by hydraulic rams which pump high pressure hydraulic fluid through hydraulic

motors via accumulators which smooth the action of the hydraulic rams. The hydraulic motors
drive electrical generators which produce electricity. The accumulated power generated from all
the joints is then fed to shore via a submerged cable or else it is fed to a junction box on the sea
floor, into which other Pelamis devices can be connected before the power is fed to shore.
The Pelamis is moored by a series of weights and floats which allow the Pelamis the flexibility
to turn into the oncoming waves at all times and this allows the Pelamis joints to flex as the
waves pass along the length of the device. The device can be easily towed to shore for
maintenance, thus reducing the need for specialist offshore equipment. The Pelamis devices
currently available comprise of four sections with three independent power conversion units,
each rated at 250KW. The device has an overall length of 150 meters.[6]

Figure 2.4.1

2.4.2

Pelamis under test [7]

Ocean Energy Buoy (OE Buoy)

The ocean energy buoy is a device that has been developed in Ireland and has undergone
rigorous testing off the west of Ireland and is now almost ready to move to the production phase.
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The OE Buoy floats on the surface and is moored to the ocean bed by means of a series of
tethers. The OE Buoy is in fact a floating oscillating water column. The device is E-shaped with
the shorter leg projecting vertically out of the water. The longer leg of the device consists of a
plenum chamber. The OE Buoy is moored so that the mouth of the device is facing away from
the direction of the oncoming wave. As the waves rise at the mouth of the plenum chamber a
pressure is created in the plenum chamber which turns an air turbine. As the wave drops a
vacuum in turn created within the plenum chamber which draws air back into the plenum
chamber through the turbine again. The turbine is self-rectifying and therefore turns in the same
direction regardless of the direction of the air flow through it. The turbine is connected to a
generator which produces the electric power. The only moving part on the OE Buoy is the
turbine which has contributed to its ability to withstand very harsh weather conditions over
prolonged periods without encountering technical problems.

Figure 2.4.2

1:4 scale Ocean Energy Buoy under test in the Atlantic [8]

The turbine employed is a Wells turbine which was developed Prof. A. A. Wells of Queens
University, Belfast in 1976. The Wells air turbine rotor consists of several symmetrical aerofoil
blades positioned around a hub with their chord planes normal to the axis of rotation. Due to the
rotation of the blade, the airflow relative to the blade is at an angle known as the angle of attack.
Aerofoils produce lift at 90° to the angle of attack and which is what drives the turbine. This type
11

of turbine is used in many wave energy devices because they are suitable for oscillating water
columns (OWC) which is the basis for many wave energy devices.

2.4.3

Wave Dragon Wave Energy Converter

The Wave Dragon is an offshore wave energy device with a rated capacity of 4-15MW
depending on wave conditions. The device is quite simple in design and operation. It consists of
a large floating reservoir which is skirted with wave reflectors which channel oncoming waves
into the reservoir. This results in a large mass of water which is then stored at a higher level than
the surrounding sea. This hydraulic head of water is then fed through a set of low head propeller
turbines which convert the hydraulic head directly into electricity. While a lot of work has gone
into the design of the Wave Dragon in order to achieve stability and to maximise the operation
and efficiency of the wave reflectors, the only moving part is the propeller turbines which result
in a robust and low maintenance device. The wave reflectors increased the energy capture by up to
70% in typical wave conditions and are a patented part of the structure. Following extended testing of
a 1:4.5 scale model in Denmark and a smaller model in Wales, 2nd generation systems are now
under development. [9]

overtopping
reservoir
1

m

-L

turbineTouflef
Wave Dragon Overtopper
Figure 2.4.3

Principle of operation of the Wave Dragon [9]
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2.4.4

Wavebob

Wavebob is a wave energy converter which has been under development since 1999 and has
undergone sea trials at the Marine Institute in Galway. The Wavebob uses the rise and fall of the
ocean waves to act on hydraulic pistons which pump oil and therefore create power to turn
electrical generators. The Wavebob can be tuned to cope with differing wave sizes, power and
frequencies, depending on where the buoy is to be sited. This is achieved by adjusting the
dampening system which adds or subtracts buoyancy to smooth out variable load. It has the
capability to de-tune in seconds which is important for a resonating point absorber. The
Wavebob has been shown to remain stable in all but the most severe of sea conditions.
The Wavebob has a diameter of 20 meters and a height of 8 meters which allows adequate space
to accommodate the power train and control system below deck. The Wavebob will carry three
or four motor-alternator sets, all of which may or may not be entrained, depending on the wave
power available. In built redundancy will allow for remote switching and high availability when
weather conditions prevent site access. While the device would remain in place for up to twenty
five years, individual parts can be removed and taken ashore for low cost maintenance.
Capital costs should be low as the hull is constructed from smaller precast and e.xtruded concrete
and other low cost materials and the unit will then be towed into position and secured to
moorings negating the need for expensive dry dock facilities.
It is envisaged that a farm consisting of an array of Wavebobs will produce up to 500MW in
North Atlantic sites. [10]
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Figure 2.4.4

2.4.5

Artists impression of Wavebob [ 10]

Seagen

Seagen is manufactured by Marine Current Turbines, a UK based company which installed the
world’s first offshore tidal turbine off the coast of Devon in 2003 which was known as Seaflow.
In 2008 they installed and commissioned their next generation tidal turbine known as Seagen in
Strangford Lough in Northern Ireland.
This was the world’s first commercial scale, grid connected tidal turbine. While Seagen is only a
prototype and its deployment in Strangford Lough is not permanent, it allows Marine Current
Turbines to gather much information and to assess its performance. It also allows the
environmental effects of its deployment to be studied. Marine Current Turbines is also
developing technology for use in deep water (in excess of 30m) and the data and experience
derived from the manufacture, installation and commissioning of Seagen is greatly contributing
to the deep water technology.
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The act of removing energy from flowing water generates a large thrust reaction in the order of
100 tonnes per MW of energy extracted. This demands that the foundation used are capable of
withstanding this force. Seagen is mounted on a monopole which is securely seated by piles that
are driven deep into the sea bed which makes it very secure even in severe weather. The turbines
can be physically raised clear of the water for maintenance without incurring large costs. Tidal
turbines would normally be installed in areas where strong currents exist which would make the
use divers or remotely operated vehicles (ROV) virtually impossible therefore the ability to raise
the generators is a huge advantage.
Twin 16m pitch-controlled axial flow rotors turn the two generators. The 16m rotors have a
swept area of 402m‘. The rotors are pitch controlled which allow Seagen to be set to a pre
chosen “rated power” at times when high current velocities are expected thus reducing the stress
on the structure. The ability to control the pitch of the rotors also allows the turbines to be
stopped at any time without the need for a braking system. The rotor pitch can be reversed
through 180^ to take full advantage of the flooding as well as the ebbing tide.
Seagen has a rated power of 1.2MW and one Seagen unit could reduce C02 by 1690 tonnes per
year.
The tower rises to a height of almost 41m above the seabed and has a diameter of 3m.
Figure 2.4.5 shows an artist’s impression of the Seagen turbine and the actual turbine raised out
of the water where it can easily be serviced and maintained.[11]

Figure 2.4.5

Artist’s impression of Seagen and a rotor raised for maintenance [1
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2.4.6

OpenHydro

OpenHydro is an energy technology company which designs and manufactures marine turbines
for generating renewable energy from tidal streams. The company has a vision of deploying
marine turbines beneath the world’s oceans in order to produce economical energy in a silent and
invisible manner with no cost to the environment. OpenHydro believe that their technology will
enable the vast energy present in tidal streams to be easily harnessed.
OpenHydro’s Open Centre Turbine can be deployed directly to the seabed at great depths to take
advantage of deep ocean currents. By deploying them on to the sea bed, they will be invisible
from the surface and will not pose any navigational hazard.
The Open Centre Turbine consists of a permanent magnet generator located in a duct which is
secured to the sea bed on a frame. The slow moving rotor has an opening in the centre which will
allow marine life and mammals to pass through safely. The blade tips are retained within the
outer structure and the unit operates with very low mechanical noise further reducing the risk to
marine life. The whole unit is constructed of material which will not corrode and will discourage
marine growth. The rotor also operates without any lubrication which reduces the risk of
pollution and also reduces maintenance. Due to the importance of functionality and survivability
that underwater operation demands, the simple construction and single moving part offers a
major advantage over other technologies.
Economically, the cost of deploying Open Centre Turbines and generating energy from them
would at present be comparable with the costs involved in offshore wind but with larger scale
deployment the costs would tend to trend towards that of onshore wind.
In 2007 OpenHydro installed the first tidal turbine at the European Marine Energy Centre
(EMEC) in Orkney and following successful trials has this year installed a IMW commercial
unit weighing over 400 tonnes in the Bay of Fundy for Nova Scotia Power.
Figure 2.4.6 is the OpenHydro turbine under test at the European Marine Energy Centre. This
turbine is attached to piles so that it can be raised for inspection and maintenance but future
turbines will be anchored to the sea bed which means that they will not be visible and will not
pose navigational hazards for shipping.[12]
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Figure 2.4.6

2.4.7

OpenHydro on test at the EMEC [13]

Tidal Barrage

A tidal barrage consists of a dam or barrage built across an estuary with gates that can be opened
when the tide is rising to allow the water into the basin. When the tide is at its full height, the
gates of the barrage are closed in order to trap the water in the basin. As the tide recedes, the
water within the basin creates a hydrostatic head. Gates which contain turbines are then opened
and the water flowing from the high level within the basin to the lower tidal level generates
power from the turbines. Power can also be created from these turbines as the tide rises again and
flows through the gates to fill the basin. The turbines in the barrage are also capable of pumping
water into the barrage at periods of low demand when electricity is available at a cheap rate so it
can be released later at peak periods when the electricity is more expensive. This is a process
which is often referred to as pumped storage.
For a tidal barrage to be economically viable, the tidal range should be in excess of 5 meters.
The power available from the turbine at any particular moment in given by equation (3).

(Eq. 3)

P = pgCdAV2g(Zi - Z2)3

Where:
Cd = Discharge co-efficient
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[14]

G = Gravity (9.81)
P = Water density (kg/m2)
A = Cross sectional area
Z1 = Water height on the sea side of the barrage
Z2 = Water height on the basin side of the barrage

Mean
Level
DATUM

[14]

The discharge coefficient, accounts for the restriction on the flow of water as it passes through
the barrage opening.
Z1 and Z2 in the calculation indicate the importance of the level of water within the barrage with
respect to the level of water on the sea side of the barrage when determining the available power.
The environmental impacts of a tidal barrage are greater than any other tidal energy harvesting
device or farm as it has a direct influence of the water levels and tidal flows within the basin and
outside the dammed area which could have a serious effect on the marine and mammal life
present in the area. It will also have a big influence on sediment transfer which could result in a
build-up within the basin and could also affect sediment distribution on the sea side of the
barrage. The changes in sediment transportation may not always produce negative results and
sometimes can cause marine life to flourish in areas where there was previously none. Provision
needs to be made to allow fish to travel past the barrage without injury and lock gates are also
required for the passage of shipping traffic and pleasure craft.
Due to the huge civil works involved in the construction of tidal barrages the economics of the
project can present problems as the return on investment is often over many years.
The La Ranee tidal barrage is probably the best known and also one of the longest in operation
anywhere in the world.
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Construction of the La Ranee tidal barrage began in 1960. It began operating in 1966 and it is
still in operation today and has a total capacity of 240MW. The capacity factor (Cf) is the
amount of time that the maximum power will be produced and is 40% for the La Ranee
barrage.[15]

2.5

The Cause and Nature of Tides

Energy production from tidal stream may offer residents, businesses and small communities
situated near tidal estuaries the opportunity to contribute to the self-sustainability of their energy
needs by developing micro tidal generating plants. The potential for energy production comes
from the movement of the tides in these areas. The following section therefore looks at how
these tidal movements are caused.
According to Newton’s law of universal gravitation, the strength of the gravitational force
between two bodies is a function of their masses and the distance between them. The law also
states that the direction of the gravitational attraction force is along the line joining the two
bodies.[16]
Gravitational forces act on the Earth and the Moon to hold them together. This gravitational
force is balanced at the common centre of gravity by an equal and opposite centrifugal force. The
gravitational force changes as the distance to the moon varies, however the centrifugal forces
remain constant everywhere on Earth. The centrifugal and gravitational forces are therefore not
the same except at the centre of gravity. This inequality creates a residual force. The following
Figure 2.5.1 shows the action of the three forces.
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If the Earth were completely covered in very deep water with no land masses, these residual
forces would act on the water resulting in two bulges, one facing the moon and the other one on
the opposite side of the Earth. The gravitational forces enacted by the moon on the Earth will
vary as the distance between the Moon and the Earth changes. This distance changes as the
Moon orbits in an elliptical orbit around the Earth. This orbit around the Earth takes an average
of 27.32 days and this accounts for the variation in tide heights throughout this period. The Sun
also exerts a gravitational force on the Earth but because it is much further away than the Moon,
the force it exerts is only about half of that exerted by the Moon. At times when the Moon and
Sun align, the gravitational forces of both result in two tidal bulges. The period of these tidal
bulges differ and the rate of change of the tidal bulge that takes place as they interact depends on
the difference between their periods. When the peak of one bulge is aligned with the peak of the
other bulge, the resulting bulge will equal the sum of the heights of the two bulges. When the
Moon is on the opposite side of the Earth, the periods of the tidal bulges are again in phase and
so they combine and result in a summing of the two tidal bulges. The following Figure 2.5.2
illustrates this effect on the tidal bulge.

20

Full Moon

New Moon

Figure 2.5.2

Effect of the Sun and the Moon in alignment acting on Earth

When the Moon is 90” out of alignment with the Sun, the tidal bulges are out of phase with one
another and therefore combine to cancel each other out resulting in a lower tidal bulge. This
effect can be seen in Figure 2.5.3.

First quarter

\
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Sun

Third quarter

Figure 2.5.3

Effect of the Sun and the Moon 90” out of alignment acting on the Earth

The position of the Moon and the Sun and the gravitational forces that they exert on Earth result
in what are known as Spring and Neap tides. A Spring tide occurs when the Sun and Moon are in
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alignment causing their individual tidal bulges to combine positively and this is when high tides
are at their highest and low tides are at their lowest. This is therefore also the time when the tidal
range, which is the variation between high and low tides, is at its greatest. A Neap tide occurs
when the Moon and Sun are 90° out of alignment and their combined tidal bulges act negatively
on each other. This results in much lower high tides and higher low tides. The tidal range during
this period is also at its least. As the orbit of the Sun and the Moon around the Earth are not
circular, the distance to each of these bodies varies. As the gravitational force they exert on the
Earth is largely a function of their distance from the Earth, as their distances change so does their
tidal raising forces.
When the Moon is closest to the Earth, it is referred to as a Perigee Moon and when the Moon is
furthest from the Earth it is referred to as an Apogee Moon. The difference between a Perigee
Moon and an Apogee Moon can be easily discerned as the Moon will appear much larger during
a Perigee period then it will during an Apogee period. The point at which the Moon is closest to
the Earth does not stay in the same place but moves around the Moon’s orbit over a period of
8.85 days. The distance between the Earth and the Sun varies over a period of 365.26 days and
the point at which the Earth is closest to the Sun also moves with the Suns orbit but this takes
over 20,000 years to complete a full circuit. The highest tides occur when a Perigee Moon is in
alignment with the Sun as this is when the Moon exerts maximum gravitational force on the
Earth resulting in a large lunar tidal bulge which then combines positively with the solar tidal
bulge.
The planets also exert a gravitational force on the earth with Venus exerting the greatest force
but because of the distance from the Earth its force is only 0.0054% of the force exerted by the
Moon.
Because the Earth is tilted on its axis, the Moons orbital plane is inclined to the Equator by
approximately 23°. The declination of the Moon changes from 23° on one side of the Equator to
23° on the other side during each orbit over a period of 13.66 days. The tidal bulge exerted by the
Moon also follows this motion.
The rotation of the Earth on its axis does not have any effect on the height of the tides but it does
determine where these tides occur. The high and low tides that we witness every day in a
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particular point area are a result of the Earth rotating and the given area moving towards the
highest point of the tidal bulge giving the high tide in that area. As the Earth continues to rotate,
the same area begins to move towards the lowest point of the tidal bulge giving a low tide in that
area.
These theories explain how tidal bulges occur and how they interact with each other to form the
tides that we see on a daily basis but based on these theories every area of the Earth would have a
semidiurnal tides, that is a high and low tide twice every twenty four hours. This however is not
the case, as the equilibrium tidal theory as it is known that has been explained here is based on an
Earth which is covered completely in very deep water and does not take the continents and the
varying tide depths into consideration. Some areas of the Earth have a diurnal tide which is one
high and one low tide every twenty four hours and other areas have mixed tides which vary
between semidiurnal and diurnal tides. Tidal ranges also vary greatly from those explained by
the equilibrium tidal theory in some areas. The Bay of Fundy in Canada has a tidal range in
excess of fifteen meters while other areas such as parts of the Caribbean have practically no
discernible tide at all. Despite this the equilibrium tidal theory goes a long way towards
explaining the connection between the Moon, Sun and the tides and it forms the basis of the
concepts underlying the constituent tides.
The Earths continents divide the mass of water on the Earth’s surface into a number of seas with
narrow connections between them. Each of these seas has a natural frequency of their own and
therefore each has its own period. The natural period of each sea combines with the lunar tidal
bulge and the solar tidal bulge to produce tides that are specific to different areas. For instance,
the Pacific has a period of twelve hours which results in diurnal tides on the west eoast of
America and the Atlantic has a period of twenty four hours which results in predominantly
semidiurnal tides in the Atlantic area. Local topography and bathymetry will have further effects
on the tidal patterns in those areas. San Diego has a mixed tide which alternates between
semidiurnal and diurnal tides. In many areas narrow estuaries and other obstructions will greatly
influence the mean tidal flows as the water rushes through these areas to maintain the tidal levels
determined by the tidal constituents.[17]

23

2.6

Site Assessment

When considering the installation of a tidal generating device of any design, there are many
issues which need to be considered. They range from the bathymetry of the channel to marine
traffic and environmental concerns. However the most important issue is the tidal conditions and
the speed of the tidal currents in the area. It is these conditions which will determine the potential
for energy production at the site and therefore the viability of the project to begin with.
Because the need for reliable tidal data is of such importance when a project is being considered,
the different methods of measuring tidal currents and the equipment available for such will be
looked at in the following section.

2.7

Tidal Current Measurement Technology

There are many methods of measuring Tow velocities in open channels. Some of these methods
have been in use for hundreds of years and others are done using up to date technologies. Some
methods that are used for measuring flows in open channels such as weirs, salt tracers, dye
tracers and floats are effective but are only suitable for rivers and drains and would not be
suitable for the measurement of tidal currents. The methods that are most suitable to tidal current
measurements will then be examined in more detail.
The earliest current meter that we can discover is one designed by John Elliott Pillsbury (1848 1919) .Pillsbury was the commander of the US Coast and Geodic Steamer, Blake, from 1884 1889 with a commission to record temperature and vector currents at various depths across the
Gulf Stream at a range of transects from the Florida Straits to Cape Hatteras.
Four rotating cones were the basis of the current speed measurement, and the shaft drove a worm
gear, whose rotation recorded the total rotation in a set period. Rotation was prevented while the
instrument had vertical speed, so that the instrument could be lowered at a steady rate to the pre
determined level without rotating, and then retrieved without further rotation after the set period.
The direction was determined by a vertical vane which rotated with the current, and a compass
mounted on a gimbal, both of which were locked when there was vertical movement of the
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instrument. On retrieving the instrument, the positions of the locked compass and vane showed
the current direction at the pre-determined depth.[18]

Figure 2.7.1 is a drawing of the Pillsbury current meter[ 18 ]
A number of variations of this type of current meter followed but there were no substantial in the
science of current measurement technology until the 1960s.The Savonius rotor, vanes and
propeller type current were all employed around this time but concerns with aliasing resulted in
the development of vector averaging current meters in 1969 and thereafter vector measuring
current meters. Vector measuring current meters consisted of a number of vanes or propellers
situated at different angles to each other so that the different vector currents could be measured.
Figure 2.7.2 is a photo of a typical vector measuring current meter This VMCM consists of two
fans which breaks the current into two components. This type of current meter was developed
around 1979 and was the major effort at producing a mechanical current meter
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Figure 2.7.2

A vector measuring current meter [ 19]

The Current Measuring Technology Committee (CMTC) was set up in 1978 to look at
advancements in ocean current measurement. Workshops are held every year where new ideas
for the measurement of tidal currents are discussed and the results of tests on various types of
current meters are presented. The predominant types of current metering that have been used and
discussed by the CMTC are acoustic, electromagnetic and Lagrangian methods with advances in
mechanical type devices having been more or less abandoned.[l 8]. The next three sections give
an overview of these methods of current measurement as they are the predominant technologies
now employed for current measurement.

2.7.1

Lagrangian methods of current measurement

Lagrangian current measurement involves the observation of the movement of a drogue or a
buoy in the sea. This is done by placing the buoy in the sea in the area of interest and then
observing the movement of the buoy over time. The buoy will be carried by the currents and
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therefore the direetion and speed of the eurrents can be calculated. These buoys were often
observed in the past by following them in boats but in more recent times they are tracked with
the use of satellites and with the aid of GPS transponders. This method has also led to the
development of autonomous underwater gliders and wave gliders. The underwater gliders work
by comparing successive GPS positions, obtained when the glider surfaces and dead reckoning
displacements when the glider is submerged. It is then possible to estimate the depth averaged
horizontal currents and the surface drift. It is also possible measure vertical currents with the aid
of pressure transmitters incorporated into the underwater glider can monitor the depth of the
glider as it dives and compare the measurements against the expected vertical motion. The
difference between the actual rate of decent and the expected rate of decent will give the vertical
current.[20] This type of current measurement is more suited to measurement of currents over a
wide ocean area and for the detection of mass water movement in large areas and are not suitable
for single point measurements and current profiling. I’he tracking of these devices whether by
boat, satellite observation or by GPS tracking is expensive and is only viable where vast areas
need to be surveyed.

2.7.2

Electromagnetic current meter

Electromagnetic current meters measure velocity using Faraday's Law, which states that a
conductor (water) moving in a magnetic field (generated by the probe) produces a voltage that
varies linearly with the flow velocity. Electrodes in the probe detect the voltages generated by
the flowing water.[21] This type of device is a Eulerian device in that they are always moored or
bottom mounted and stationary as against the glider type device which mover around with the
tidal currents. There are many different variations in design with the proposed method of
deployment having a major influence.
Electromagnetic current meters are single point sensors which mean that they record the current
velocity at a single point. Therefore the position of deployment is important as the current
velocity will only be recorded at the point of deployment. If the device is bottom mounted, then
the current velocity just off the sea floor will be recorded. The device can also be suspended
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from a buoy at a predetermined depth to record current velocities at that depth. These devices are
not designed to give a current profile through a column of water.

2.7.3

Acoustic Doppler Current Profilers

The acoustic Doppler current profiler (ADCP) was developed in the early 80s and led to the
setting up of a company called RDl. [18] This company has been the leader in the development
of Doppler technology since. Many commercial current meters in use around the world today are
manufactured by RDl. These instruments work by monitoring the frequency shift of acoustic
signals refected from suspended particles in water. The frequency shift will depend on the speed
and direction of the particles that refect the acoustic signal and therefore the speed and direction
of the water carrying these particles can be determined from the frequency shift.
The CMTC has seen and discussed many variations of this type of instrument over the years
since it was developed and these instruments have also be incorporated into Lagrangian devices
to give near surface current measurement capabilities to these devices. [22] ADCPs have also
been adapted for wave measurement. This is accomplished with the addition of a pressure sensor
to the device which works in conjunction with a vertical acoustic beam and surface tracking from
other acoustic beams. [23]

2.8

An in depth examination of possible measuring methods

This section examines more closely some of the methods that could be considered or possibly
adapted for the low cost surveying of an area for tidal current velocities. The suitability of each
method will be considered on the basis of its ability to collect the required data, data recovery
and processing, deployment and recovery aspects and most importantly, cost.
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2.8.1

Anemometer and Propeller Current Meters

Anemometer and propeller current meters are quite common and are useful in many situations.
They consist of a propeller which rotates on a shaft when placed in a current and each revolution
of the propeller produces a pulse or a number of pulses. The faster the propeller turns, the more
pulses are produced. The speed at which these pulses are produced determines the speed of the
flow the instrument is placed in. Anemometer current meters work on the same principle but they
employ anemometer cups in place of a propeller.
These instruments are directional and must face into the oncoming flow in order to work. This is
achieved by deploying them on a rod that is positioned and fixed so that the instrument faces the
flow or they can also be deployed by suspending them on a rope or wire. The addition of a tail
fin to the instrument housing will cause it to turn into the predominant oncoming flow. As this
type of instrument does not sense the directional flow, eddies and backllows may not be
detected. It is important to choose the correct instrument for the required task and some propeller
current meters have interchangeable propellers for different flow velocities and resolutions.
Figure 2.8.1 is a photograph of a propeller current meter.
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Figure 2.8.1

Propeller current meter [24]

4'his type of instrument is not very suitable for long term deployment but is more suitable for
acquiring current velocities in rivers and other open channels. Valeport does however supply a
propeller type current meter which incorporates a data logger for recording data over a period of
two days for a cost of around £2800 but it could be difficult to deploy successfully over this time
period and is also subject to fouling.

2.8.2

Deflection Meters

A deflection meter consists of a shaped vane that is placed into the flowing water. The velocity
of the flowing water exerts a force on this vane and a secondary device such as a load cell
measures the deflection of the vane. The vanes can be shaped to match the flow section geometry
to make them deflect the same amount for any given discharge regardless of the depth of flow in
the flow section. This however suggests that a presumption is made that the flow in uniform
throughout the water column that is being measured. In open channel tidal basins this will
probably not be the case. Deflection meters can be permanently mounted to a structure or may be
moved from one location to another but the instrument will need to be solidly fixed to some
immovable object in order that the vane deflects and that there is not movement in the whole
instrument which would affect the accuracy of the deflection meter. If velocity measurements
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were to be taken adjaeent to a marina or under a bridge or some other structure, this type of
instrument could be utilised but for velocity measurements in a channel and in the absence of a
solid structure to attach the instrument to, its suitability would be questionable.

2.8.3

Pitot Tubes

Pitot tubes consist of a simple tube pointing directly into the fluid flow. The flow of fluid
entering the tube results in a pressure build up within the tube. The tube has no outlet and
therefore the fluid comes to rest within the tube. This pressure can then be measured is a function
of the velocity of the fluid acting on the inlet of the tube. Pitot tubes are difficult to use in
channels with slow flows as the pressure differential are very small and hard to measure.
Depending on the accuracy required, the secondary equipment needed to measure the pressure
differential could be expensive and difficult to implement. Any adaptation of this type of
instrument would be very difficult to apply to the task of measuring current flows in an open sea
environment.

2.8.4

Wave and Autonomous Underwater Gliders

Wave gliders and underwater gliders are largely Lagrangian devices but in recent years the
mounting of ADCPs on these gliders has become prevalent. This allows the device to collect
additional data via the ADCP while either diving or surfacing, depending on the angle of the
transducer heads. The glider will obtain shear velocities based on its motion through the water
while the ADCP will obtain absolute velocities. Much research has been carried out on this type
of hybrid current metering approach.[25]
Two companies. Teledyne RD Instruments (TRDI) and Liquid Robotics, Inc. (LRI) have teamed
to provide near surface current measurements from the LRI Wave Glider® vehicle. The Wave
Glider® is a wave-powered unmanned maritime vehicle. Wave Gliders harvest the abundant
energy contained in ocean waves to provide essentially limitless propulsion while two solar
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panels continuously replenish the batteries that are used to power the vehicle’s control
electronics, communications systems, and payloads.
Wave Glider® is a hybrid sea-surface and underwater vehicle in that it is comprised of a
submerged '‘glider” attached via a tether to a surface float. The surface float of the Wave
Glider® has a continuous view of the sky, allowing it to use GPS for precise navigation and
communication with shore via Iridium or radio for data transmission as well as command and
control.These devices are now also being tested with ADCP incorporated into the floating
portion of the system and the results from the ADCP when compared to bottom mounted ADCPs
show good agreement. The addition of the ADCP to the device again adds more functionality to
the platform which can be used to house an array of instruments to monitor such parameters as
temperature and conductivity.[22]
These types of devices are very effective for gathering current information but are designed for
the gathering of this information over larger areas. These systems are very expensive because of
the complex technology that they incorporate and any adaption of this type of device would not
be feasible.

2.8.5

Ultrasonic & Acoustic Flow meters

Ultrasonic are employed in a number of different ways in order to measure river and tidal flows.
Current meters which utilise ultrasonic and acoustic methods for measuring current velocities
tend to be accurate and can achieve fast and reliable results, which is why they have come to the
fore in the last thirty years [18] and are therefore worth examining in more detail. The choice of
measuring device will depend on the exact application and the budget available.

2.8.5.1

Doppler Type Acoustic Flow Meters

Doppler type acoustic meters consist of an ultrasonic transmitter and a receiver usually
incorporated in a single head. Signals are transmitted at a known frequency and these signals
reflect off suspended solids in the fluid. The receiver then picks up this reflection and the
frequency shift of the received signal from that of the transmitted signal is related to the mean
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velocity of the fluid. Because the operation of the instrument is based on the Doppler effect, the
frequency will increase or decrease depending on if the particles are moving toward or away
from instrument and the speed at which the particles moving. This instrument is therefore non
directional and is very effective.

2.8.5.2

Transit-Time Flow Meters

Transit time ultrasonic flow meters are based on the principle that the transit time of acoustics
signals along a known path is altered by the fluid velocity. An ultrasonic signal sent upstream
travels slower than a signal sent downstream. By transmitting an ultrasonic signal in both
directions along a diagonal path, the average path velocity can be measured and the average flow
velocity can be therefore determined. This is a very effective method for measuring flow in
conduits, wastewater and water treatment plants and volumetric metering but may not be suitable
for large open channels and would not be suitable for measuring tidal flows in open water.(2)

2.8.5.3 Cross-Correlation Ultrasonic Meters

Cross correlation meters employ a system by which two ultra-sonic transmitters and receivers
work in conjunction with each other to monitor two different columns of water and compare
results. The speed at which the water columns are moving can be determined from these results.

2.8.6

Electromagnetic Current Flow Meters

Electromagnetic current meters work on the principle of Faradays law of electromagnetic
induction which defines the voltage produced in a conductor as the product of the speed of the
eonductor by the magnitude of the magnetic field by the length of the conductor. The
electromagnetic current meter incorporates a coil that generates a magnetic field and sensing
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electrodes. The length of the conductor in the effective Path between the sensing electrodes and
the conductor is the water therefore the speed of the conductor is the velocity of the water flow.
Some of these devices sit on the sea bed looking up and record the data until the device is
recovered and the data is then accessed. In the case of this type of device, the current vector can
be determined by using two orthogonal pairs of electrodes and an electronic compass. Some
electromagnetic current meters can be deployed in other ways and are sometimes used aboard
vessels to determine their speed.
These instruments are single point instruments and will measure the current velocity at the point
where they are deployed. They can record current velocities at this point and store the data until
the device is recovered. They are a well proven technology but are relatively expensive. A
quotation for a Valeport MIDAS EMC was obtained and the basic instrument which incorporates
a compass for recording orientation to determine the direction of How costs £500. The inclusion
of a depth sensor in the device increases the cost to over £5750. This instrument will still only
give single point measurements but the data can be recovered and presented in E.xcel for
manipulation and analysis which means the results are easy to interpret. The EMC quoted for is
designed to be suspended from a buoy which would need to be moored on the surface. A bottom
mounted EMC is more expensive and requires a specially designed cage and mooring equipment
to deploy it. After carrying out some more research it was found that the suspended MIDAS
EMC from Valeport was one of the least expensive electromagnetic current meters that could be
suitably employed for the purpose of a low budget survey but this device would also incur a
large expense to deploy it. Figure 2.8.2 is a photograph of a Valeport MIDAS ECM which is
designed to be suspended in the water.
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Figure 2.8.2

2.9

The Valeport MIDAS electromagnetic current meter (ECM) [26]

Acoustic and Ultra-Sonic Meters in Greater Detail

After researching the different methodologies for open channel flow measurement it was
determined that a lot of these methods were not suitable for measuring tidal flows for various
reasons. The methods that did seem most suitable for the desired applications were the ones that
employed ultra-sonic and this type of equipment is looked at in greater detail here.

2.9.1

Acoustic Doppler Current Profilers (ADCPs)

An ADCP is a sonar device which is often used to try to produce a record of water current
direction and velocities over a range of depths and over a specific area. ADCP is the acronym
normally used for Acoustic Doppler Current Profilers however ACDP is actually a trademark of
a company called RD Instruments but is a widely used term for all makes of acoustic Doppler
current profilers and will be used as such here. An ADCP can be seen in Figure 2.9.1.
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Figure 2.9.1

Acoustic Doppler Current Profiler (ADCP) [27]

ADCPs can be configured in a series of different ways depending on the area to be monitored
and the type of information to be recorded. ADCPs can be anchored on the sea bed facing
upwards to measure the currents in the column of water overhead. The device can have a number
of heads or transducers which point at different angles and therefore can take measurements over
a wider area. The ADCPs can be mounted so as to be side listening for situations where canals or
rivers need to be monitored and they can also be used to monitor water discharge. They can also
be mounted on boats for instantaneous surveys over larger areas where the speed and direction of
the craft is taken into account and subtracted from the measured data.
The ADCP works on the principle of the Doppler effect. When sound travels towards a receiver
the sound wave has a higher frequency or pitch than when the sound travels away from a
receiver. This is the effect that most people would be familiar with and can be experienced when
a car approaches with the characteristic building of sound that fades as the car passes.
The ADCP uses this to affect by transmitting sound at a constant frequency into the water. As the
sound waves travel through the water they collide with suspended particles in the water and are
reflected back to the instrument. The frequency of the sound wave reflected back to the
instrument will be slightly higher or slightly lower that the transmitted frequency, depending on
if the particle that the sound reflected from, and therefore the water surrounding it, was moving
away or towards the ADCP. The difference in frequency between the transmitted sound and the
received sound are known as the Doppler affect. The speed and the direction that the particle is
travelling can be calculated from this information. The water in which the particle is suspended
will be travelling at the same speed as the particle and therefore the speed at which the water is
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travelling is known. The further away the particle that the sound wave strikes is from the ADCP,
the longer it will take for the sound to be reflected back to the ADCP. By monitoring the time
taken for the sound wave to return and the Doppler shift, the ADCP can measure currents at
varying distances from depths with each series of pings. Equation (3) and Figure 2.9.2 shows
how the Doppler shift is used to calculate the current velocities at different depths for the
transmitted and received signals and for radial motion.

(Eq. 3)

Fd = 2Fs(V/C)cos(A)

[28]

Where:
Fd = Doppler shift frequency
Fs = Frequency of sound (standing still)
V = Relative velocity (between source and receiver)
C = Speed of sound (m/s)
A = Angle between the acoustic beam and the scatter velocity
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When configuring the transmitting and sampling rate for an ADCP there are trade-offs which
will determine the results achieved with the instrument.
High frequency transmissions will yield more accurate information but lower frequency
transmissions will travel farther in water and can therefore measure currents over a larger area
and at greater distances from the instrument but with diminished accuracy. ADCPs can measure
currents in a column up to 1000 meters long. These instruments can be battery powered and can
be left in situ to collect and log information over an extended period. The instrument can later be
recovered and the data downloaded for analysis. However if the instrument is pinging at high
frequency, the batteries will exhaust more rapidly and thus effect the time period that the
instrument can be deployed for. ADCPs can also be operated by use of a remote head which can
give up to the minute data and can be constantly powered. There are many different
configurations and deployment techniques available.
If the instrument is deployed in very clear water there may not be enough suspended particles to
refect the signals and the resultant data may not be reliable but that is generally not a problem in
this part of the world. However if the instrument is not sited carefully turbulent water from
eddies and sub-surface objects can result in miscalculation of the currents present.
The transducers are normally constructed of piezo materials which expand when energised
causing a wave to propagate through the water. This wave can be directed through the water in
the required direction. Phased array techniques are also used which allows the sound waves to be
aimed of focused in particular directions which allows for smaller ADCPs that can accommodate
large range of frequencies.
Other ancillary equipment on board ADCPs are the receiver, oscillators, a clock and timing
devices, a temperature sensor, a pitch and roll sensor and a compass. It also has analogue to
digital converters (ADCs), digital signal processors which sample the returning signal and an
instruction set which implements the algorithms.
The ADCP calculates current relative to itself and there the attitude and motion of the ADCP are
important factors which must be considered in the overall current velocity calculations. A flux
gate and a tilt sensor compute the instruments tilt and heading to correct the velocity data.
Temperature is also an important factor as the temperature of the water effects the speed of
sound more than the salinity therefore a nominal salinity is assumed and adjustments to the
velocity calculations are made on the basis of the temperature of the water.[29]
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Many studies have been carried out on the field testing and deployment of ADCPs. [23, 30]
ADCPs can be operated from ships which transverse areas to carry out surveys. They are
sometimes shore based and are used in rivers and canals to determine discharge. When deployed
in the open sea can be suspended from or mounted of the bottom of buoys but are most often
bottom mounted which involves the mooring of the device on the sea bed in a special frame.
If real time data or up to daily data is required from a bottom mounted ADCP, then the device
will have to be connected to shore either by cable or underwater acoustic modems will need to be
employed. Both of these options are very expensive and therefore bottom mounted ADCPs are
more suitable to recording data which can be downloaded from the device when it is recovered
and brought ashore.
Teledyne RD Instruments is the world’s leading manufacturer of ADCPs and their newest ADCP
is the Workhorse Sentinel. This ADCP has been tested in the field and has been found to be a
very effective, dependable and robust device.[30] This ADCP can be bottom mounted or
attached to a moored buoy. A quotation was obtained for a Workhorse Sentinel and the cost is
$21,000. This price would also be subject to import duties, taxes and shipping costs. Additional
features such as a depth sensor costs $800 and the cost of mooring equipment would also need to
be added to the final tally.
These costs make this instrument much too expensive for low cost surveying.

2.9.2

Cross Correlation Ultra-Sonic Flow Meter

A cross correlation meter consists of two ultrasonic transmitters and receivers. The transmitters
and receivers are arranged in two pairs with a small distance between them. The instrument
works by transmitting an acoustic signal at high frequency which refects back to the paired
receiver from suspended solids in the water. The second transmitter also transmits an identical
signal which is reflected back to its paired receiver. The profile of the signals received by both
receivers is compared and when a signal at the second receiver is the same as a signal previously
received by the first, then the same column of water has passed beneath both receivers. Because
of the known distance between two receivers, it is possible to determine the time taken for the
water column to travel from one point to another and therefore the flow velocity can be
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determined. The principle of operation of a cross correlation ultra-sonic meter is shown in Figure
2.9.3.

Figure 2.9.3

Cross correlation ultra-sonic meter principle of operation [3

2.10 Fluid Dynamic Design

Any device placed in a flow of water will cause the velocity of the water to increase adjacent to
the device. This occurs as the flow of water meets the device and pushes around it. The velocity
of this displaced body of water couples with the velocity of the water flowing adjacent to the
device causing an increase in the overall velocity of this adjacent stream.
Careful consideration to would have to be given to the shape of any device which will ultimately
be used to measure the velocity of the water flow so as to avoid any biasing of the measurement.
A longer device with minimal profile facing the oncoming flow would appear to be the most
effective at diminishing water flow velocity increases. Previous efforts at the development of an
electromagnetic recording current meter have resulted in the instrument being packaged in this
form. [32]
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2,11 Mooring Systems

Any device which is to be placed in the sea will require mooring. There are many methods of
mooring surface and sub-surface objects and many studies have been carried out over the years
into different mooring methods.
It is desirable, when mooring a surface floating object such as a buoy, that displacement from the
intended siting of the buoy be minimal. This is often achieved with the use of a heavy anchor
chain connected to a large weight which rests on the surface. As the sea level will rise, the
buoyancy of the buoy, which is normally much greater that required to support the weight of the
chain will lift the chain. The weight of the excess chain will serve as a damper for the buoy in its
vertical movement due to wave action on the surface. The chain would usually be of sufficient
weight to overcome horizontal movement of the buoy due to currents. Figure 2.11.1 shows a
typical arrangement for the mooring of a surface buoy.

Figure 4 Typical mooring for a surface buoy [33]

Moorings in shallow water and in in areas of high currents create more of a design problem than
moorings in deep water. This is because the effects of waves are more pronounced on a shorter
mooring line. If a mooring is in 20 meters of water and the waves result in a 3 meter peak to peak
mo\ement of the buoy, this movement represents 15% of the overall depth and therefore the
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mooring must be able to allow for this movement. In water of 200 meters depth, the 3 meter peak
to peak movement of the buoy becomes more insignificant. To counteract some of this problem
elastic tethers are often incorporated into the mooring lines which keep the line taut while still
the attached buoy rises and falls with wave action. The elastic tethers also restricts the movement
of the buoy due to currents by keeping tension on the mooring rope at all times.[34]
There have been many studies into the methods of mooring buoys that are designed for
monitoring wave, tidal and environmental conditions. These buoys often have sensors on-board
or suspended from them and they are also often connected to sensors on the sea bed. A study into
the design of a moored buoy system for shallow water which would incorporate a current sensor
proposed the mooring method shown in figure 2.11.2.[35]

Figure 2.11.2

Ocean sensors and three point mooring buoy system

Mclean research laboratories market a system which consists of a pod which travels up and down
a taut steel mooring rope. Sensors can be incorporated into the pod to monitor different
parameters such as temperature, conductivity and tidal currents. The mooring line is anchored to
the sea bottom by means of a large weight and the steel line is kept taut by the attachment of
large floatation buoys near the surface. The pod then transcends the steel rope with the aid of an
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electric motor and a single point measuring tidal current meter is sufficient to produce a velocity
profile of the tidal current as the pod transports the current meter throughout the full depth of the
water. Figure 2.11.3 shows a Mclean pod attached to a steel mooring rope.

Figure 2.11.3 Mclean moored profiler [36]

2.12 Conclusion
Micro tidal energy production may well contribute to future energy needs in the same way that
small scale and even domestic wind turbines do today. Small scale tidal energy devices could
provide clean renewable and highly predictable power to small industries, communities or even
dwellings that are situated near tidal estuaries.
However before an area can be chosen for its potential for energy production from tidal stream,
certain attributes must be assessed and the most important of these in the velocity of the tidal
currents. A tidal survey carried out over a period of about thirty days is sufficient to determine
tidal conditions for many years into the future. To gather the required information over this
period involves the use of expensive equipment and often requires specialist knowledge to
operate it and to process the recorded data. For a project with limited capital, the cost involved in
undertaking a tidal velocity may render the whole project unviable.
There are a number of less expensive devices available that are capable of giving an accurate
tidal current measurement but they are not suitable for long term deployment or for autonomous
operation.
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There is therefore a need for an inexpensive device that can be deployed to capture tidal velocity
data over a prolonged period and store this data until the device is recovered and the data
downloaded. To be able to measure tidal stream velocities at pre-determined or varying depths
and to record these depths and the direction of the tidal currents would also be an advantage.
An inexpensive device of this kind would allow the assessment of a site for the purpose of small
scale tidal energy production over the period of a month at a relatively low cost. This would
allow more sites to be surveyed which should result in the discovery of many areas which would
be suitable to this type of energy production.
A number of challenges needed to be overcome before this device could be realised such as the
identification of a suitable sensor for current velocity measurement, the design of a device to
deploy this sensor, a method of recording the data from the sensor, the powering of the sensor for
prolonged periods and a method of mooring the device, but to mention a few.
It was not within the scope of this project to solve all of these issues and to fully develop the
instrument but many of the issues have been addressed and proposed solutions to some of the
other issues put forward for future consideration and development.
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3
3.1

Initial Device

Choice of Transducer

Because of the need to produce a low cost device for the measurement of tidal currents it was
decided to initially look at off the shelf transducers available for the marine sector. These types
of transducers would be robust and inexpensive and would have been in use for many years.
Although current measurement technology has largely moved in the direction of ultra-sonic
devices, mechanical type current meters were used for many years before the advent of the
technology which allowed the development ultra-sonic type devices. With this in mind it was
decided to investigate the possibility of adapting a mechanical type device first because
mechanical devices are simpler and less expensive.
One such transducer identified was the Airmar ST300. This transducer consists of a paddle
wheel which rotates when placed in a Bow of water. As the paddle wheel rotates a pulse is
emitted from the device. The frequency of the pulses emitted is determined by the speed at which
the paddle wheel is rotating and therefore the speed at which the transducer is travelling through
the water. This type of transducer is used on leisure craft to determine the speed at which the
boat is travelling through the water. The transducer would normally be connected to a display
which also has the capability of converting the frequency of the pulses to speed which is then
displayed. The transducer is shown in Figure 3.1.1.
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Figure 3.1.1

Airmar ST300 speed transducer [37]

In practice the speed at which the boat is travelling and the speed of the water currents will
combine to give a result which therefore cannot be an accurate indication of the speed of the
boat. To counteract this, a calibration needs to be carried out. The transducer itself cannot and
does not need to be calibrated however a calibration is carried out on the display to give a speed
over ground which would allow somewhat for the water currents. This is still not very accurate
as the currents in different directions and at different times will differ.
For the purpose of measuring water currents with this transducer, the calibration and the
discrepancy outlined above does not apply as the transducer will be practically stationary and
therefore any rotation of the paddle wheel can be attributed to water movement only.
The speed range of the ST300 is 2 knots to 45 knots or 0.18 kilometers to 74 kilometers. A pulse
of 5.6 Hz is output per knot.
An ST300 and display was purchased for initial testing and development.
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3.2

Initial Testing

In order to verify that the transducer was operating correctly it was set up in a laboratory. This
was done by mounting the transducer on a piece of timber with a variable speed motor which had
a 75mm pulley mounted on it. The paddle wheel was connected to the motor by means of an
elastic band. This would allow the paddle wheel to be rotated by means of the variable speed
motor. The transducer was connected to the display so that the simulated speed resulting from
the rotation of the paddle wheel could be noted. The display is manufactured by a company
named Raymarine which provides a range of instruments and equipment for the marine industry.
The display is shown in Figure 3.2.1 below.[38]

Figure 3.2.1

Raymarine speed display [38]

The output from the transducer was also connected to an oscilloscope so that the output signal
could be monitored. The motor was then run at varying speeds so that the speed indicated on the
display could be monitored over a range of different speeds. The indicated speed was compared
to the calculated speed using the pulse frequency displayed on the oscilloscope. The calculated
speed was worked out by taking the frequency from the oscilloscope and dividing it by 5.6 to get
the knots per hour. When comparisons were made, it was found that there was a discrepancy of
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around 7% between the calculated speed and the displayed speed. This was found to be the case
across the full range of varying motor speeds examined.
In discussions with Airmar technical support it was pointed out that the transducer will always
give 5.6 pulses per knot and does not require calibration but the display is designed to be
calibrated for over ground speed so the displayed speed may not exactly correlate with the
frequency of the pulses being emitted by the transducer. On the basis of this information, the
calculated speed is more accurate than the speed indicated on the display.

3.3

Data Recording

If data was to be gathered over a period of time, a suitable method of recording the data and
storing it had to be found. A number of data loggers were examined but many were too large to
enable them to be incorporated easily into a suitable device or to enable them to be housed easily
in a small enclosure along with the other equipment and batteries required for operation of the
sensor.
A data logger was identified which was compact and easy to set up and from which the data
could easily be recovered in a .csv format which would allow the data to be manipulated easily
with excel. The data logger is an Omega Pulse 101 and has dimensions of 64x36x16 mm and
weighs only 24 grams and is shown in Figure 3.3.1 below.
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Figure 3.3.1

Omega Pulse 101 [39]

It can sample at up to 10 KHz and can store up to 500,000 reading. The sample rate can be set
by the user to sample anywhere from 1 second to once every 24 hours. When a reading is
recorded, the reading is the total number of pulses received in the intermitting time period. This
reading will therefore need to be manipulated to acquire the frequency of the pulses.
The Omega Pulse 101 connects to a PC via a USB Datalogger Interface Module OM-CP1FC200. This allows the data logger to be connected to a computer so that the data can be
downloaded for analysis.
The data logger comes with software which allows the device to be set up which includes the
ability to set the start time and finish time. The start time can be delayed until required and it can
be allowed to run continuously until it is connected to the PC again. The sample time can also be
set to the required time. The software also allows the data to be graphed so that it can be viewed
easily. Figure 3.3.2 shows the computer interface which allows the Omega data logger to be set
up and the recorded data to be viewed. The x axis displays the time and date that the sample was
taken at and the y axis the pulse count which would be the number of pulses recorded during the
chosen time period.
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Omega computer interface

To ensure that the data logger would correctly capture the data, the transducer was again set up
in the laboratory and connected to the variable speed motor. The output from the transducer was
connected to an oscilloscope and the data logger. The motor was run for different periods at
different speeds. The frequency reading on the oscilloscope was taken and multiplied by the
number of seconds that the data logger was recording for. For shorter periods the readings from
the data logger correlated exactly with the calculated value however when the data logger was
run over extended periods the readings were not as accurate. After some examination it was
discovered that the elastic band which was used to couple the motor to the paddle wheel was
slipping and therefore even though the motor was running at a constant speed, the paddle wheel
was not.
This was reaffirmed by connecting the transducer to the display and noting the displayed speed
over a range of different motor speeds. This process was then repeated a number of times and it
was found that the displayed speed was not easily repeatable.
The data logger and the oscilloscope was again connected and checked. Over short runs the data
logger recorded frequencies that exactly matched those calculated from the oscilloscope. When
the readings recorded on the data logger did not concur with the expected values it was noted
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that the frequency on the oscilloscope had changed which pointed to the fact that the elastic band
was slipping.
It was concluded that the chosen data logger would successfully record and store the data as
required and was suitable in that it was compact and was easy to retrieve and assess the data
from. The data could also be easily manipulated for further analysis using excel.

3.4

Sensor Deployment

A method of deploying the sensor had to be devised so that the sensor would face into the
oncoming flow of water at all times and still maintain a vertical aspect so that the flow velocity
perpendicular to the sensor would be measured and not a vector component of the main flow. It
was decided that for initial tests, it would be better to suspend the device from a structure such as
a bridge which would mean that a mooring system for the device could be developed later.
An instrument was designed and constructed to house the transducer. It consisted of an
aluminium tube of 40mm diameter, into the end of which the transducer was fitted. An
aluminium metal plate 120mm x 100mm was welded to the tube to act as a fixed rudder which
would ensure that the transducer faced into the oncoming flow at all times. The top of the tube
was drilled so that a rope could be attached to it. The wires from the sensor were routed through
the tube and secured to the rope. The wires ran to an enclosure that housed a I2V lead acid
battery, the data logger and a switch to activate the sensor. Two pieces of flat lead sheet were
rolled around the bottom of the tube to act as a weight so that the flow of water would not cause
the device to be defected from the perpendicular therefore preventing a clean flow of water
interacting with the transducer. This device can be seen in Figure 3.4.1.
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Figure 3.4.1

3.5

Initial deployment deviee

Field Testing

After some consideration a site which was considered suitable for an initial deployment and
testing of the device was identified. This was an area known as The Crompan near Youghal in
East Cork. This area is a tidal estuary through which the Womanagh River flows into Youghal
Bay. From observations it would appear that the tide flows in and out of this estuary fairly
vigorously between high and low tides. There is a road bridge at the point shown in the map in
Figure 3.5.1 and it was possible to suspend the measuring device from the bridge and to attach
the enclosure box to the bridge so that measurements could be taken over a period of time.
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Figure 3.5.1

Area where initial tests were earried out [40]

This deviee was deployed on 28/9/1010 for a period of appro.ximately twelve hours overnight.
When the deviee was first plaeed in the water the data logger was set to record in real time so
that the operation of the device could be verified. A reading was registered on a computer as
soon as the device was placed in the water. The data logger was then set to record a reading
every thirty seconds until stopped. When the device was recovered and the data downloaded it
was found that there were only intermittent pulses at certain times and there were no pulses or
very low counts recorded for most of the readings. In order to better understand the reasons for
these poor results the device was again deployed in daylight hours and is was apparent that the
device was not deployed in the water satisfactorily.

Figures 3.5.2 and 3.5.3 show the desired orientation of the device and the actual orientation of
the device when it was placed in a flow of water. The red arrows indicate the direction of flow.
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Figure 3.5.2

Figure 3.5.3

Desired orientation of device

Actual orientation of the device in a flow of water

The oncoming flow of water was forcing the device into a position between the vertical and the
horizontal. The lead weights that were added to the device were not sufficient to prevent the flow
from carrying the device backwards. This meant that the transducer was not registering the flow
as the tube was obstructing the flow of water to the transducer. At very low flows the device
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would sit vertically in the water as hoped but at the low flows which allowed this, very few
pulses were registered. The distance from the bridge to the water did not allow for the device to
be positioned manually so that it operation could be checked. It was decided that a different
device would have to be designed to enable the transduced to be deployed more successfully.
The plate which was acting as a fixed rudder in the first design was very successful in
maintaining a forward facing aspect for the device. On this basis it was decided that a pair of
horizontal plates welded to the sided of the tube to act as hydroplanes would also help to
maintain a horizontal aspect.
It was decided to carry out CFD analysis using ANSYS software on this design before it was
constructed. A graphic of the output is shown in Figure 3.5.4.
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Figure 3.5.4

CFD analysis of new device

In the CFD simulation the flow was set up parallel to the main tube and the pressures on the
opposite faces of the hydroplanes were examined. The pressure profiles were identical on the
opposite faces which would indicate that the device would be stable when placed in a flow of
water. It was therefore decided to construct the device.
The device was constructed from an aluminium tube of 40mm diameter and was 450mm in
length. A conical front which would face into the oncoming flow was fitted to the tube. A hole
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was drilled through the tube so that the transducer could be fitted securely through it. Two
horizontal plates of 100mm x 100mm were welded to the tube and a vertical plate of 100mm x
170mm was welded to the rear of the tube. These plates were designed to act as hydroplanes and
to stabilise the device in the water. Two lugs were welded to the top of the tube at the front and
rear to allow a rope to be attached to the device. The finished device is shown in Figure 3.5.5.

Figure 3.5.5

New deployment device constructed from aluminium

This device was deployed in the same place as the earlier one on 6/10/2010. The device was
again deployed for twelve hours from approximately 00:00 to approximately 12:00. Figure is
3.5.6 is a graph of the flow velocities recorded in that period.
The data logger was set to record every 30 seconds and the recorded results were converted
meters per seconds.
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Figure 3.5.6

Tidal velocities recorded at Crompan Bridge, Youghal on 6/10/2010

When the data was examined it was clear that there were prolonged periods when no data was
recorded. Similar tests were carried out over the next week for different periods of times and the
device was monitored during these tests. It was noted that there was a lot of debris floating on
the water and travelling in the water. This debris consisted of grass, weed, rushes and timber.
This debris caused the paddle wheel to stop rotating for periods of time until the obstruction
eventually worked free. It also appeared that at very low flows, there was little or no movement
in the paddle wheel but there was still a discernible flow.
It was decided to deploy the device in a different area where there would not be as much debris
in the water. The area chosen was at Marlogue Marina in East Ferry in East Cork. This area is
shown in Figure 3.5.7. As can be seen from the map in Figure 3.5.7, East Ferry is a narrow
stretch of water which links a larger body of water to the North of Great Island to the main body
of Cork Harbour. The flows of water through this channel can be very vigorous especially
between high and low tides. There is a marina on the Western side of the East Ferry and the
device was suspended from the outer floating leg of this marina on the 11/10/2010 and left there
for approximately twenty four hours.
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Figure 3.5.7

East Ferry test area [40]

From observations in the general East Ferry area, the tidal Hows would appear to be very high at
certain times. The data logger was set to sample once every minute, however when the device
was recovered and the data downloaded it was found that over the twenty four hours of the test,
there were hardly any pulses recorded. The maximum number of pulses recorded in any one
minute period was eleven. This would indicate a maximum flow velocity of 0.15m/s. The Eows
that were observed at the test site very low but did not appear to be as low as the recordings
would suggest. For much of the test period the flow did not appear to be sufficient to initiate a
rotation of the paddle wheel. There is a tiny amount of inbuilt inertia in the instrument and it
would appear that a specific flow velocity is required to overcome this inertia. If the flow is too
low, the paddle does not turn at all due to the inertia and therefore no pulses are recorded.
The flow at the marina was observed for a period of time and it was noted that a short distance
into the channel the flow was much more vigorous than at the marina. A closer look at the map
in Figure 25 would indicate that the marina is positioned at a bend in the channel where the main
flow would be diverted out into the channel and away from the marina. It was probably for this
reason that the marina was sited here originally to provide protection for the boats moored here
from the main channel flows.
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In order to test this theory a rigid inflatable boat (RIB) was acquired the same evening to enable
some measurements to be taken approximately thirty meters out in the channel, away from the
marina. Figure 3.5.8 shows the tide table predictions for the 12/10/2010.

Figure 3.5.8

Tide table for Cobh area on 12/10/2010 [41]

As can be seen from the tide tables for the day in question, low tide occurred at approximately
15:40 and this would be the period of lowest flow in the channel. For three hours from this time
the flow should gradually increase until it peaks mid-way between low and high tide.
At approximately 16:30 the device was again deployed at the marina and monitored in real time
and again a very small number of pulses were detected. It was then taken about thirty meters out
into the channel and deployed again. The sample time was set at five seconds and the readings
were taken over a five minute period. The results of this test can be seen in Figure 3.5.9.
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Figure 3.5.9

Flow velocity readings taken thirty meters off Marlogue Marina

Moving a short distance offshore resulted in a large increase in the measured flow velocity. The
How recorded was not steady as would be expected but the transducer was being hand held over
the side if the boat and would therefore not have been forward facing at all times which would
account for the large variations in flow. The device would also have been subject to forward and
aft movement which would account for the higher readings. This exercise did however
demonstrate that the device was operational and that there can be a very large difference in flow
between one area and an area a short distance away.
From these experiments it was clear that the ST300 transducer that was being used had a number
of drawbacks. Firstly it did not appear to operate in low flows as it seemed to require a specific
amount of flow to overcome the inherent inertia in the transducer.
Secondly, the mechanical operation of the transducer meant that is was very susceptible to
becoming fouled by very small pieces of debris in the water resulting in a complete inability to
record any flows until the debris worked itself loose or was physically removed.
The final device will be required to gather and record data over prolonged periods without
intervention and the ST300 does not appear to be capable of doing this. The ST300 specifications
state that it is capable of measuring flows of between 2 and 45 knots however other
specifications listed for the same instrument states a range of 0.1 to 40 knots. From the
experiments carried out, the bottom end of the range probably lies somewhere between both
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stated Figures. This resolution is fine if the instrument is used for the purpose that it is designed
for which is as a speed log on pleasure craft where the kind of accuracy required for this project
is not required.
It was decided that a more precise transducer was required.
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4 Ultrasonic Transducer
4.1

Airmar CS4500

After some research into different types of transducers, one was identified as being reasonably
suitable for the proposed task. There were however some drawbacks which would have to be
overcome. This transducer was the Airmar CS4500.
The CS4500 is a cross correlation ultra-sonic sensor which is capable of detecting water
velocities as low as 0.05m/s. The sensor consists of two pairs of ultra-sonic transmitters and
receivers, each of which transmits an ultra-sonic signal which is reflected by suspended particles
in the water. The properties of this reflected signal depends on the number and positions of the
suspended particles that reflected it and results in a distinct profile. One transmitter/receiver pair
is situated in front of the other and the water stream passes under the forward transmitter before
reaching the aft one. If a profile received by the aft receiver matches a profile already received
by the forward

receiver, than the same column of water has passed

under both

transmitter/receivers and as the distance between them is known, the speed of the water can then
be calculated accurately.
The CS4500 emits pulses at a frequency of 5.6 Hz for every knot. 1 knot == 0.5144 m/s. The
CS4500 does not require any calibration and comes with electronics which convert the sensor
output to pulses. The electronics are remote to the actual sensor itself which is of robust
construction to enable it to withstand harsh conditions.
It was decided to acquire a CS4500 sensor.

4.2

Deployment and Testing

The transducer was initially set up in a laboratory which had a small flow bench which allowed
the transducer to be placed in a flow of water. The actual volume of water flowing was not
known but this exercise was not designed to test the accuracy of the transducer as the
manufacturers specifications were accepted. The test was designed to ensure that a signal could
be recorded by the data logger.
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The transducer was connected to the Raymarine digital display which had been used with the
earlier ST300 transducer. This was done as per the manufacturer’s instructions. The digital
display registered a steady velocity of 0.5 knots.
However when the digital display was disconnected and the data logger connected to the output
of the transducer, no pulses were recorded. When the data logger was connected in conjunction
with the digital display, data was recorded. The digital display is connected separately to the
power supply and after some investigation it was discovered that the control unit was designed to
have power supplied to two different areas. One was through a direct connection to the battery
and the other was through a connection to the digital display which in turn supplied power from
its connection to the battery. To overcome this, the power was looped from the battery
connection on the control board to the connections which normally connect to power supply
coming from the digital display. The electronic control unit is shown in Figure 4.2.1 with the
looped power connection marked A. The wires marked B are connected from the transducer
output connections to the data logger. Once these changes had been made and the data logger
was recording, the control unit was fitted in a larger enclosure to protect it.

Figure 4.2.1

Transducer control unit showing additional connections

The deployment device that had been fabricated for the ST300 was modified to accommodate the
CS4500 sensor. This device was then tested at the same site as the earlier tests were carried out.
The deployment device did not sit in the water as required and tended to rotate on its two axes
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and present the hydroplanes faces to the oncoming stream resulting in the device being unstable.
The CS4500 is a directional instrument and must have the forward transmitter/receiver meeting
the oncoming stream before the aft transmitter/receiver; therefore the device being unstable in
the water is undesirable. The reason that the device behaved so differently with the CS4500
probably has to do with the fact that it is much heavier than the ST300 and this affected the
stability of the whole device.
It was obvious from these tests that a more suitable device would have to be designed to deploy
the sensor successfully. The sensor itself is proven technology and should be quite capable of
achieving its goal of measuring the tidal current and the system of data recording had been tested
in the laboratory and found to be adequate, it was however decided that it would be desirable to
deploy the sensor in some form in an effort to record some data in parallel the task of designing a
new deployment device. It was therefore decided to attempt to deploy the sensor in some form or
another to try to achieve this task.
A problem with the CS4500 was its power usage of 180 mW which would require a large battery
to collect data over a prolonged period of a month or so. In order to overcome the problems of
supplying sufficient power and the stability problems it was decided to construct a small floating
platform in which the sensor could be mounted through the hull and a battery of sufficient size
could be housed within. This platform took the form of a large model boat which was
constructed from timber and fiberglass. The sensor was placed near the front of the hull and 70
Ah battery was placed inside the hull along with the sensor’s associated electronics and the data
logger. The hull can be seen in Figure 4.2.2 and 4.2.3. A fiberglass cover was constructed to
protect the equipment from the weather. Brackets were mounted on the sides of the hull to allow
outriggers to be attached to so as to provide stability in rough weather.
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Figure 4.2.2

Fibreglass hull showing brackets for outriggers

Figure 4.2.3

View of inside of fibreglass hull

The whole device was designed to be tethered to a mooring which would allow it to rotate with
the tide and therefore face into the oncoming tidal stream at all times. For initial testing, the
direction of the tide could be easily determined with the use of tide tables and date and time
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stamp of the data logger. The device was to be placed in a channel where the predominant flow
was bi-directional.
The sensor was placed in tidal channel near East Ferry in Cork harbor on the 14/7/2011 with the
intention of collecting data over a period of three to four days. Figure 4.2.4 is a map of the area
where the sensor was deployed and the exact spot is indicated with a red cross.
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Figure 4.2.4

East Ferry channel in Cork Harbour [40]

The device was monitored from the shore periodically while it was deployed and appeared to be
very stable and was found to facing into the oncoming tidal stream at all times as required.
Recovery of the device was set for the 18/7 but on the night of the 17/11, a strong Southerly
wind occurred and this continued until the 19/11. As a result, conditions in the East Ferry
channel were very poor which prevented the recovery of the device until the 19/11.
When an attempt was made to recover the device it was discovered that a submerged object had
drifted and fouled the mooring rope and had caused the device to semi-submerge, resulting in the
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hull filling with water and therefore damaging the electronics and the data logger. An attempt
was made to recover the data from the data logger but this did not prove possible
Although the deployment of the sensor in this form was only an effort to gather some data and
prove the concept of the device while allowing a method of supplying the required power, it
became apparent there were major drawbacks with this type of set up.
The actual operation of the sensor and its capabilities were not an issue as the manufacturer’s
data provided ample information. While it would have been interesting to have gathered some
actual tidal data with the sensor, the exercise was largely unnecessary for the overall progress of
the project. However the exercise highlighted some fundamental problems which would have to
be overcome. Once these problems were solved, the operation of the sensor itself would not be
an issue so it was decided not to try to deploy the sensor again due to the logistical difficulties of
doing so in a marine environment without sufficient resources.
Power usage was a problem as the use of a large battery was also going to have an effect on the
stability of any deployment device. To overcome this problem it may be possible to use a much
smaller battery with limited capacity, but to only switch on the transducer periodically as tidal
flows are not subject to sudden changes and therefore a snapshot sample would suffice. This
would greatly reduce the power required to gather data over a prolonged period of time.
The integrity of any future device would have to be so as to prevent any water ingress to the
electronics and thus prevent a repeat of the situation that occurred which resulted in the
destruction of the sensor’s electronics and the data logger.
It would also be preferable if the sensor could take measurements at different depths, rather than
taking them Just under the surface. To do this the problems outlined above would first have to be
overcome.
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5
5.1

Sensor Deployment Device Design & CFD Analysis

Requirements

From the assessment of available teehnology for the measurement of tidal streams undertaken in
the literature review, a number of desirables were identified when the design of a new device
was being considered. Ideally the positive aspects of all of the available types of devices
available should be combined into one low cost. There would probably have to be trade-offs in
the accuracy and functionality of a low cost user friendly device when compared against other
expensive devices. The challenge would be to limit these trade-offs as much as possible and to
try to incorporate some features which would compare positively with some of the more
expensive alternatives. Some of the features which needed to be aspired to are listed below.

The ability to house the electronics and batteries in such a way as to protect them
from the harsh environments in which the device will need to operate.

The ability to be deployed and recovered easily.

The ability to remain stable and reasonably level and therefore maintain a heading
into the direction of flow at all times.

The ability to change its heading in order to face into the oncoming flow at all
times.

The ability to record depth and heading information in conjunction with tidal
stream velocities.

68

•

The ability to gather data throughout the total depth and therefore build up a
profile of the tidal stream velocity.

•

The deployment device should be large enough to enable it to house the batteries
required to power the sensor and any other equipment for prolonged periods.

•

The device should be of a streamlined design which will have the least effect
possible on the flow of water around it in order to avoid spurious readings.

It was decided that a deployment device that was submerged and which could have its buoyancy
adjusted to allow it to come to rest at a given depth was preferable than one that would sit on the
surface. This design would be modelled on the Mclean moored profiler. [36] This type of design
would offer a number of further challenges but these should be outweighed by ability to take
velocity readings at any depth. To facilitate this new approach it was decided that any new
design would be analysed using ANSYS which is an engineering CFD simulation software. This
would necessitate the development of the design using Solidworks drawing package and then
transferring the geometry to ANSYS. The flow conditions for the simulation could then be set up
and the fluid dynamics of the design could then be simulated. The resultant pressures acting on
the device, the flow velocities and directions could all be easily viewed at any given point. With
this information it should be possible to decide on the most suitable shape for the deployment
device.

5.2

Mooring Method

One of the first problems that needed to be addressed was the method of securing the device
without hindering its ability to maintain the desired positioning on an x,y plane. It must also be
free to rotate in order for it to head into the direction of the oncoming tide. This is a requirement
because the Airmar CS4500 sensor that is to be used is directional and will not operate correctly
if the ultra-sonic transmitter-receiver pairs are not perpendicular to the flow. It may also be a
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requirement that the method employed to moor the device also be capable of allowing it to move
up and down if the flow velocity throughout the full depth of the water is to be measured.
On earlier tests of the Airmar paddle wheel sensor, the sensor was mounted vertically through an
aluminium tube which had a vertical and two horizontal hydroplanes attached to it. These
hydroplanes were designed to stabilize the device in the water. This device was then suspended
from above and could remain stable for a period but if any instability occurred due to turbulent
flows which resulted in the horizontal hydroplanes having an aspect perpendicular to the flow,
the situation was exaggerated because of the flow acting on the faces of the hydroplanes rather
than the edges. This would result in the device being dragged downstream with the flow and
putting tension on the rope suspending it and this situation was often unrecoverable.
A new method or mooring this device was developed which involved the addition of a ring of
20mm internal diameter to the front of the aluminium tube. A rope was then passed through this
ring and one end was attached to a weight on the bed of the river while the other end was
attached to the bridge from which the tests were being carried out. This rope was pulled tight so
that the ring through which it passed could move easily through it. This then allowed the device
to be suspended from above but kept the front of the device facing towards the oncoming flows
while still allowing it the freedom to stabilize itself with the hydroplanes. Figure 5.2.1 is a
representation of the ring and the mooring rope. The mooring rope can be seen passing through
the ring attachment which will allow the device to move freely up and down the rope. The red
arrows indicate the direction of flow.
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Figure 5.2.1

Mooring rope and ring attachment configuration

This system was tested and was found to be successful in allowing the device to face into the
oncoming How at all times. The height of the device could be varied by simply adjusting the
length of rope being used to suspend the device itself.
This same system could also be employed to moor the submerged device and could be employed
anywhere if an inflatable buoy was attached to the top of the rope at a height of just less than the
low tide level. This would ensure that the rope would be sufficiently taut at all times to allow the
submersible deployment device to stabilize itself freely while still being tethered. This
arrangement would also allow the device to rotate about the mooring rope and therefore face into
the oncoming flow at all times. A smaller buoy would be attached to the larger one and this buoy
would be allowed to float on the surface to mark the area where the device was deployed and to
warn marine traffic of a submerged object The addition of elastic tethers[34] near the submerged
weight would also help to keep the mooring rope taut and decrease its defection due to currents.
An impression of how this mooring system would look is shown in Figure 5.2.2. The red arrow
indicates the direction of flow.
An arrangement that would include a pivot point where the ring on the mooring attachment
connects to the device may also improve the stability of the device and help to counteract and
negative effects which may occur as a result of the mooring line sloping at an angle due to the
movement of the buoy by the current.
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Figure 5.2.2

5.3

Mooring System

Design

It was decided that the deployment device should be designed to accommodate two Airmar
CS4500 sensors so that an average of the readings from both sensors could then be used to give a
more accurate measurement. However for the purpose of assessing different shapes, sometimes
only one sensor was incorporated into the device and sometimes none at all. The advantage that
may accrue from the use of two sensors as against one may be questionable and the cost of the
extra sensor may not be justified by the difference in the results achieved. This is an issue which
would need to be determined at a later stage. If the removal of the second sensor was to
destabilise the final design, a dummy sensor could be used to duplicate the one that would not be
required. On this basis the device will be designed to accommodate two sensors.
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Instinctively, the most suitable hydrodynamic shape would be long and sleek which should give
the best performance as regards flow disturbance and this shape has been used before for similar
purposes.[32] However because of a number of considerations this is not a shape which was first
considered. The reasons for this are that the Airmar sensor that is to be incorporated into the
device has a dead zone where no measurement takes place. The area over which the
measurement is taken and averaged is between 75mm and 127mm from the face of the sensor.
The length of the sensor also allows some discernment as to how far the sensor will protrude
from the device. Because of the power requirements of the sensor itself and any other equipment
that may be required on-board, it is desirable that the device be of sufficient size and shape to
accommodate batteries capable of powering the device over a prolonged period. It was therefore
decided to try to accommodate all of the above parameters into the design of suitable shape and
it was hoped that the dead zone in the sensor would be large enough to cope with any flow
disturbance that would occur.
A number of designs were drawn using the Solidworks drawing package and these designs were
then transferred into ANSYS CFX and simulations were run on them with the purpose of
determining the optimal shape for the deployment device. The optimal shape was one that would
be as streamlined as possible and which would cause the least amount increase in velocity in the
flo/V as it passed over the surface of the device. If the increase in velocity could be minimized
over the area where the flow velocity sensors would be situated by adjusting the shape of the
de^ice or even by increasing the flow over areas where there were no sensors, then the readings
from the sensors would be more representative of the general tidal flow rather than being a
furction of the tidal Tow and the increase in flow velocity caused by the device itself. If a design
tha substantially eliminated the flow disturbance over the sensors cannot be arrived at, then the
shcpe most suited to the task will be assessed using ANSYS to try to determine the disruption to
the tidal flow over the sensors and to attempt to quantify this disturbance and therefore increase
in /elocity for a range of tidal flows. This will allow for the production of an algorithm which
car make an allowance for this disturbance in the flow when the data is being analysed and
the'efore produce more accurate results.
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This section gives an overview of some of the features of ANSYS and the methods available to
visualize the data acquired from a simulation that will be used for the purposes of determining
the optimum device shape. The results obtained will be looked at in greater detail later.
To demonstrate some of the ANSYS features that will be employed, a quick run through of the
procedure to simulate and display the results of the first device to be tested will be looked at. The
first shape that was looked at was an oval shaped device which incorporated a flange at its centre
and a protruding bar at the front. This bar had a loop attached to the end in order to facilitate the
mooring of the device by employing the new mooring method proposed earlier. The device also
incorporated two sensors protruding past the edge of the flange on the upper part of the device.
This device is shown in Figure 5.3.1.

Figure 5.3.1

Oval shaped deployment device

This geometry was imported into ANSYS and an enclosure was created around the shape in
question. The enclosure allows an inlet and an outlet to be set up for the flow to pass over the
device. The simulation will be carried out on all domains within the area of this enclosure. The
walls of the enclosure were set at 150mm all around from the furthermost edges of the shape.
The distance from the object to the enclosure is chosen such that a reasonable flow around the
device can be observed while not making this distance too large as this will add to the
computational time required to obtain a result. A balance must be found between the area of
interest to be observed and the time the simulation will take. It is important that enough of a
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distance is left between the object and the enclosure walls as the ftow disturbance around the
device and in particular the distance from the sensor face to an acceptable flow disturbance
adjacent to the sensor face is of great interest. Figure 5.3.2 shows the ANSYS interface with the
device and the enclosure formed around it. The inlet boundary is shown in green while the outlet
boundary is shown in yellow.

0400

Figure 5.3.2

0.800 ('Tii
0.600

0.200

The ANSYS interface with an enclosure around the device

The input flow was set up at 2m/s as this velocity is normally seen as a benchmark velocity for
energy production from tidal flows. It is however envisaged that this rate of flow generally
required for energy production is, and will continue to fall as advances are made in generating
technologies. This is especially so for micro tidal generating equipment.
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After simulation there are a number of parameters which can be examined such as the pressures
acting on the device or in any part of the enclosure. Velocity, turbulence, eddy viscosity and
temperature can also be examined for any specific area within the enclosure. These properties
can be displayed in a number of different ways such as with streamlines, contours or iso surfaces
or iso clips, both of which allow the user to set pre-determined levels and observe any property
which is higher, lower or equal to the pre-determined level.
Some of this functionality can be seen in Figure 5.3.3 where contours display the pressures
acting on the device itself while also displaying the pressures along a ZX plane which is situated
mid-way on the device. An XY plane which is placed vertically mid-way on the device can also
be seen and an iso clip is set up to display any velocities >= 2.1 m/s.
These planes can be positioned at any point within the enclosure and the iso clips can likewise be
set to display the properties of any parameter on any object, wall or plane within the enclosure.
As can be seen from Figure 5.3.3, the ANSYS software allows the visualization of any parameter
required to enable the design of a device of a suitable shape to allow the flow velocity sensors to
operate with the least margin of error possible due to the How disturbances caused by the shape
of the device itself Now that some of the features of the ANSYS package that will be used to aid
the design of the required device have been demonstrated, some of the device designs will be
examined.
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Figure 5.3.3

5.4

ANSYS interface showing pressure contours and iso clips

Oval Shaped Device

The oval shaped device was chosen because it appears to be a streamlined shape with smooth
curves and it would also be adequate to house the batteries and electronics required to operate the
sersors. The inlet flow, which is the simulated tidal flow around the device was first set to 2m/s
and after simulation, a velocity contour was created on two planes, one centre ways vertically on
the device and one centre ways horizontally. It can be seen in Figure 5.4.1 that the flow velocity
increases as the water passes to the left and right of the device and also to the top and bottom.
Directly fore and aft of the device the velocity is at it’s lowest.
Thi area which is of most interest is directly adjacent to the velocity sensors. The sensors work

by monitoring suspended particles in the water at a distance of between 76mm and 127 mm from
the face of the sensor and any particles within this range are averaged over a 2 second period.
Therefore the least disturbance in flow that the device causes within this defined area, the more
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accurate the velocity measurements will be and therefore the less offset will be required to
achieve a final reading.

Figure 5.4.1

Velocity contour around device

Figures 5.3.5 and 5.3.6 show the same shape device with the flow set at 2m/s and 4m/s
respectively. There is an iso clip on each simulation adjacent to the face of the sensors and the
parameters are set at >=110% of the flow. In Figure 5.4.2 the flow is set to 2m/s and the iso clip
is set to 110% of this and it can be seen that the velocity at and above 2.2m/s extends to an area
of just over 125mm from the face of the sensor. In Figure 5.4.3 the flow is set at 4m/s and the iso
clip i> set to 110% of this at 4.4m/s. The area encompassing this velocity range also extends to
arourd the 125mm from the face of the sensor. This would indicate that as the flow increases, the
err or will also increase but that it will do so in proportion to the increase in flow.
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Figure 5.4,2

5.5

2m/s flow

The Sphere

In order to achieve a greater understanding of how changing the parameters such as flow and the
scale of the device will affect how the velocity of the flow will change as it passes the submerged
body, the classic shape of the sphere will be tested.
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The same criteria as used on the oval shaped device will be employed, in that the distance from
the edge of the sphere on a central plane that the flow is increased to by 10% will be measured
for different flow velocities and the results compared with the earlier findings.
The sphere is first simulated with a flow of 2m/s and the iso clip is set at >=2.2m/s and the
results are shown in Figure 5.5.1. The area with a flow velocity greater than 2.2m/s extends
about 24mm from the edge of the sphere.

Input flow = 2nn/s
Iso clip set to >= 2m/s

0.060 (m)
0.045

Figure 5.5.1

Sphere in 2m/s flow

For the next simulation the flow was increased to 3.5m/s and the iso clip was also increased to
>=3.85m/s. As can be seen in Figure 5.5.2, the area with a flow velocity greater than 3.85m/s
again extends about 24mm from the edge of the sphere.
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Inlet flow = 3.5m/s
Iso clip set to 3.85m/s

0.060 (m)

Figure 5.5.2

Sphere in 3.5m/s flow

The flow was increased for the next simulation to 5m/s and the iso clip was set to >=5.5m/s.
Figure 5.5.3 again shows that the area where the flow velocity is greater than 5.5m/s extends
approximately 24mm from the edge of the sphere.

Inlet flow = 5m/s
Iso clip set to 5.5m/s

Figure 5.5.3

Sphere in 5m/s flow

This would indicate that the relationship between increases in the overall flow velocity and
increases in the flow velocity around the submerged device are linear. This would be in keeping
with the earlier results obtained from the oval shaped device.
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5.6

The Cylinder

The Airmar CS4500 is cylindrical in shape and regardless of the final design of the deployment
device the sensor will have to be accommodated within it. It was therefore decided that the shape
of the sensor should also be analysed in isolation from the rest of the device so that its effects on
the flow could be determined separately. This would show if it was the shape and size of the
sensor or the shape of the device that would ultimately determine flow characteristics.
The sensor has a radius of 15mm and is around 140mm in length. The full length of the sensor
will not protrude from the deployment device as some of the sensor will be accommodated
within it. It is not expected that the length of the sensor will be an overriding factor in the flow
analysis but it is more likely that the radius will determine the flow disturbance caused by the
cylinder at the area of interest which is perpendicular to the face of the cylinder.
Figure 5.6.1 is of the flow analysis of the cylinder in a flow of 1 m/s. An iso clip set up on a plane
perpendicular to the face of the cylinder at >=1.1 m/s. As can be seen in the Figure, the flow
increase to a value of 110% of the main flow, around the cylinder is restricted to an area which
extends to around 30mm from the face of the cylinder. As the sensor measures the flow between
77mm and 127mm from the face, this disturbance in flow will not affect the measured value.

Input flow =1m/s
iso clip set to>=1.1m/s

Figure 5.6.1

Cylinder in 1 m/s flow
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With the iso clip set to 1 .Im/s in a flow of Im/s, the results allow for a 10% error but as stated,
the sensor measures 77mm from the face of the cylinder and the flow disturbance only extends
30mm from the face, therefore there will be a much smaller margin of error than allowed for in
this test. To try to determine the margin of error caused by the cylinder itself the iso clip setting
was reduced in a number of steps and Figure 5.6.2 shows the iso clip set at >=1.01 which would
allow for a 1% error.
At this setting the flow velocity disturbance still extends less than 70mm from the face of the
cylinder.

Figure 5.6.2

Iso clip set to 101% of input flow

This demonstrates that the sensor on its own will not introduce any significant error in the
measured value, however that is not to say the error will be this small when the sensor is
incorporated into the deployment device and further analysis will be required on the final design
to determine exactly what the error may be. It also demonstrates that any flow velocity increase
will be as a result of the shape of the deployment device and not the sensor itself which has been
shown to have a minimal affect.

5.7

Wedge Shape Device

A number of shapes and designs were developed and different ideas were explored to try to limit
the effects on the flow velocities around the device. One of these consisted of a wedge shaped at
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the front with the top face of the wedge developing into a circular shape and the bottom wedge
giving way to circular shape. The sensor is accommodated in the lower circular shape. This
shape can be seen in Figure 5.7.1. The direction of flow is indicated by the red arrows.

Figure 5.7.1

Wedge shaped design

While the wedge at the front would force the water passing under it down and therefore increase
the velocity, however it was hoped that the area just behind the wedge would allow some of this
flow to move out of the main flow and therefore decrease the velocity again. It was also hoped
that sensor protruded from the device sufficiently to negate any effects to the flow velocity in the
region wTere the measurements would be taken.
This did not prove to be the case as can be seen in Figure 5.7.2 where the flow velocity increased
to an excess of 2.2m/s from 2m/s over an area which extended more than 225mm from the face
of the sensor.
A similar shape was then developed but the bottom face of this shape was horizontal as against
being wedge shaped. The top face of the wedge was replaced with a circular shape that extended
from the leading edge to the trailing edge. Removing the wedge from the front of the device
should reduce the amount of water being forced up and down and thus reduce the affect that this
was having on the flow velocity at the sensor. By keeping the bottom face horizontal, it is in line
with the approaching flow and should have much less of an affect than the wedge shape
previously used. This Figure is shown in Figure 5.7.3.
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When How analysis was carried out on this shape it was shown to be much more effective in
reducing the flow disturbance around the device and as can be seen in Figure 5.7.4. The flow
velocity disturbance extends to around 140mm from the face of the sensor at a level which is
10% greater than the oncoming flow.

Figure 5.7.2

Wedge shaped design in 2m/s flow

Figure 5.7.3

Adjusted wedge shape

Input flow = 2m/s
Iso clip set >=2.2m/s

0.200 {m)
0.050

Figure 5.7.4

0.150

Flow analysis of adjusted wedge shape
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While the adjusted wedge shape was an improvement on the first wedge shape, the disturbance
in the flow at the face of the sensors was still too great and any other revisions of this general
shape offered no significant improvement.

5.8

Oval Shaped Device with Deflectors

Because the oval shape seemed suited to the task of deploying the sensors and housing the
batteries and electronics easily it was decided to try to develop a design based on this shape.
The major factor affecting the choice of design for the deployment device was the way that the
flow of water would be deflected around the device which will result in an increase in the
velocity of the flow in the area where flow velocity measurements would be made. Due to earlier
flow analysis it was decided to add some baffles to the basic oval shape in an effort to try to
divert the flow away from the sensors and towards the top and bottom of the oval shaped device
instead. Two double curved surfaces were placed forward of the sensors and they extended out
both sides of the main oval shape to the same width as the sensors themselves. It was hoped that
as the oncoming flow of water hit these curved baffles, the flow would be forced upwards
instead of being forced outwards towards the sensor measuring area. These additions to the oval
shape can be seen in Figure 5.8.1. The direction of flow is again indicated.

Figure 5.8.1

Oval shaped device with baffles
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Figure 5.8.2 shows the flow analysis of the oval shaped device with the forward baffles. The
flow was set at 2m/s and the iso clip was set to 110% of the flow at 2.2m/s. The flow disturbance
around the device does not appear to have been affected too much by the introduction of the
baffles as the area perpendicular to the sensor faces where the flow exceeded 2m/s extends to
around 125mm. This would be about the same as seen in earlier analysis done on the oval shape
without the baffles.

Input flow = 2m/s
Iso clip set >=2.2m/s

Figure 5.8.2

Flow analysis of oval shaped device with baffles

.4nother set of baffles was then added to the device to try to determine if the oval shape or the
actual baffles themselves were having a negative effect on the flows around the device. This
version of the device can be seen in Figure 5.8.3.
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Figure 5.8.3

Oval shaped device with double baffles

When this version of the device was analysed using ANSYS it was found that the area
perpendicular to the face of the sensors where the flow velocity exceeded the normal flow
velocity by 110% extended to almost 400mm from the face of the sensor. It was clear from these
results that instead of the baffles directing the excess flow of water up and down, out of the path
of the sensors, they were in fact forcing the flow of water out towards the area where the velocity
measurements were to be taken. While the single baffles had a negligible effect on the flows
around the device, the double baffles had a profoundly negative affect.

5.9

Considerations

While the oval shaped device was suited to the task of incorporating the sensors easily and also
housing the batteries required for power and the associated electronics, the size of the device
required to do so posed a problem in that the larger the device becomes, then the more flow
disturbance occurs and therefore the flow velocity increases in the critical measuring area.
As shown, as the flow increases, the percentage error in measurement due to velocity increases
caused by the shape of the device will remain constant. There is a linear relationship between
increased overall flow velocities and velocity increases around the device. The increase in flow
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velocities around the device caused by scaling up the size of the device itself also appears to be
fairly linear.
This can be demonstrated by again looking at some of the earlier analysis carried out on the
sphere. In Figure 5.3.7, a sphere of 20mm radius was analysed in a flow of 2m/s and with an iso
clip set to >= 2.2m/s which was 10% higher than the oncoming flow. The area perpendicular to
the middle of the sphere where the velocity exceeded 2.2m/s extended around 25mm from the
sphere.
When the flow was increased to 3.5m/s as shown in Figure 5.3.8, the area perpendicular to the
middle of the sphere where the velocity exceeded 3.85m/s, again an increase of 10% on the
oncoming flow, extended around 25mm from the sphere.
In order to assess the effect of increasing the scale of a body and to try to determine if any
increase in flow velocity around the body would be linear, a number of tests were carried out.
A sphere of radius 20mm, 40mm, 60mm and 80mm was analysed in a flow of 2m/s and the
distance from the face of the sensor where the flow increased to 2.2m/s was measured for each
case. The results were plotted on a graph and the results can be seen in Figure 5.9.1. It is clear
that the relationship between the size of the body and the resultant flow velocity increases around
the body are not linear.
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This will clearly have implications for the final design choiee in that the device will have to be of
sufficient size to incorporate the sensors, electronics and the batteries required to power the
device for prolonged periods. Now it is apparent that not only the shape of the device but also the
size of the device will affect the precision and reliability of any flow measurements. Final
analysis of any design using ANSYS will have to be carried out on a full size model in order to
establish the percentage error that can be expected from the sensors.

5.10 Torpedo Shaped Device

From the analysis carried out on the various shapes and devices to date it is clear that the device
which will cause the least flow disturbance around the sensors will be one that presents the
smallest profile possible to the oncoming flow.
It was therefore decided to try a more elongated type body which would still be capable of
housing the necessary equipment while still maintaining a smaller diameter which would face
into the oncoming How.
A device of this shape will not allow the storage of batteries of the same size that that some of
the earlier designs would allow for. This is going to create a problem for prolonged operation of
the device. However if an alternative means of powering the device could be conceived, then the
space needed to store batteries would not need to be as large. This shape would be more in
keeping with previous devices developed elsewhere. [32]
The device in Figure 5.10.1 was analysed again using ANSYS. This device has a round body of
70mm diameter and a length of 700mm. This size will allow the incorporation of the batteries to
power the sensors and the electronics. The device also incorporates stabilizing hydroplanes
attached to the rear of the body vertically and horizontally. The direction of flow is again
indicated by the red arrows.
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Figure 5.10.1 Torpedo shaped device

Flow analysis was carried out on this device using the same conditions of 2m/s as was used with
the other designs. An iso clip was set up on a plane perpendicular to the faces of the sensors and
it was set to display any flow above 2.2m/s which is a 10% increase in the oncoming flow. The
resultant Oow analysis is shown in Figure 5.10.2.
The area where the flow velocity perpendicular to the faces of the sensors only extends around
12mm from the sensor face. The iso clip settings were adjusted to try to ascertain at what flow
velocity the measuring area of the sensors would be affected.
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Input flow = 2m/s
Iso clip set >= 2,2m/s

----

1W5S
Figure 5.10.2 Flow analysis of torpedo shaped device

Figure 5.10.3 compares the flow rates perpendicular to the sensor faces and the furthest extent of
the distances from the sensor faces where these flows occur. The following measurements were
all taken with the input flow set at 2m/s.
Comparison of Flow Velocity v Distance

Figure 5.10.3 Flow velocity v distance
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The flow disturbance caused by the device will affect the measured value if it extends 78mm
from the face of the sensor. Therefore the lowest flow disturbance within 76mm from the face of
the sensor will determine the error that can be expected in the measurement. From the table the
lowest flow within 76mm is 2.06m/s which is an increase of 0.06m/s. This would produce an
error of around 3%. However at 2.06m/s the extent of the disturbed flow is borderline as regards
the effective measuring area. If an error of 4% is to be taken instead of 3%, then the flow
disturbance at 2.08m/s will be the determining aspect. As can be seen in Figure 5.10.4, if the iso
clip is set to >= 2.08m/s the flow disturbance only extends around 45mm from the face of the
sensor. This is well inside the measuring area of the sensors and therefore 3.5% would be a very
safe margin of error.

Input flow = 2m/s
Iso clip set >= ^8m/s

Figure 5.10.3 Limits of flow velocity disturbance for 4% error

93

This design has a number of advantages over the oval shaped design. Firstly it would be much
easier to fabricate and could be done so in a modular fashion which would allow a separate
section to house batteries, electronics, sensors and any other equipment to be made separately
and then joined together. This would also make it easier to isolate each section and therefore
prevent contagion in the event of water ingress to any individual section.
One problem which needs to be overcome is the need to power the sensors over a long period.
The addition of a propeller driven generator in the rear section of the device would solve the
power issue and allow the device to operate over very long periods. Because the front of the
device would be tethered, the tidal stream would turn the propeller producing the power required
to keep the battery at operational voltage. The power required would be very small as the sensors
would not need to run on a continuous basis. The design will require the addition of an
adjustable buoyancy system to allow it to operate at different depths. Figure 5.10.5 is a
representation of the finished device with a propeller in the rear section to drive the generator.
Also included is the mooring attachment at the front of the device.

Figure 5.10.4 Representation of operational device

Table 3 shows a decision matrix for concept evaluation. Each design was rated under different
criteria and the scores for each device were totalled to arrive at a score for each device. The flow
disturbance property was weighted as this was considered one of the most critical aspects of the
design.

94

Table 3

Criteria

Torpedo

Decision matrix for concept evaluation

Oval shaped

Oval shaped

shaped
device

Wedge shaped

device with
device

baffles

Oval device
with double

device

baffles

Stability
Ease of
manufacture
Power
storage
capability
Flow

++

disturbance
Compartment
integrity
Cost

Consider

Unfeasible

Dead end
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Unfeasible

Dead End

5.11 Buoyancy Control

In order to enable the device to operate at predetermined depths, a method of adjusting the
buoyancy of the device would need to be developed. This system could operate by adjusting the
buoyancy for a given depth before the device was deployed or it could be designed to allow for
dynamic depth changes so that tidal velocity measurements could be taken throughout the full
range of depth. The required depths and the timing of the changes in depth could be programmed
before device deployment. This could have many advantages in that much more information
could be obtained from a device that was capable of traversing the full depth that one that was set
at a fixed depth. It could also allow the data to be recovered by programming the device to
surface at given intervals and transmitting the data to a shore based receiver. This system, in
combination with the power generator could allow the device to operate over very prolonged
periods without intervention and could even allow the device to be semi-permanently deployed.
Before the buoyancy system could be designed properly, the final device would need to be
produced as the weight and buoyancy of the device itself would need to be considered carefully.
Figure 5.1 1.1 is a drawing which allows an insight into how such a system might work. A tank
with three chambers would be attached to the deployment device which would be suspended
below the tank. The middle section of the tank would incorporate a motor which would operate
two pistons which would allow the middle section of the tank to expand or compress. As the
pistons moved away from the centre of the tank they would make the two side sections of the
tank smaller. This would expel water from these sections through openings at either end and
therefore increase the buoyancy. Moving the piston toward the centre of the tank the water would
be allowed to enter the side sections and the buoyancy of the tank would decrease.
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.Piston

Piston

Motor

Figure 5.11.1 Proposed buoyancy tank design

The motor operating the piston could be controlled be a pressure sensor on the deployment
device which would allow the buoyancy tank to maintain the required depth.
The system of adjustable buoyancy could be implemented in a number of ways and the one
outlined here may not prove to be the best way to go about it. The proposed buoyancy tank could
also be designed in number of ways and a design which utilises a flexible bellows may be
preferable. However, the concept of being able to allow the device to move up and down has a
number of advantages and would be worthy of some research when the measuring device is
produced.
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6 Model Verification
6.1

Physical Modeling

A final design for the deployment device was decided based on the CFD results which should
allow the sensors to operate in a varying flow of water without adversely affecting the velocity of
the flow and therefore produce a velocity measurement with a maximum of a 3.5% error.
While ANSYS software is regarded as being highly accurate and dependable, it was decided that
the results obtained from the CFD simulations should be verified in some way.
The ideal way to verify the CFD results would be to build a full size device and to test it in a
flume tank. The recorded velocity measurements could then be compared with the flume tank
flow measurements. This however was not an option as there was no flume tank available within
Cork Institute of Technology, nor could one of a suitable size be found anywhere that could be
accessed for the purpose of testing the device.
Due to the availability of a wind tunnel, it was thought that it may be possible to model the
device using air instead of water. Wind tunnel testing is a well-established discipline in
engineering.[42-45] Wind tunnel testing is applied to many different engineering studies.[46, 47]
To model the device properly, the device should have the same Reynolds number in water as in
air. Due to the difference in the water density and air density, the dimensions of the model or the
velocity of the medium will need to be adjusted in order to maintain the Reynolds number. The
Reynolds number for the device in water was first calculated using a velocity of 2m/s.
The formula for the Reynolds number is.
pvD
Re = -----

Where
p = density
i) = velocity
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[48]

|Li

= dynamic viscosity

D = diameter
The diameter of the main body of the final design is 75mm, density of the water to be 998 and
the dynamie viscosity to be 1x10’^
Therefore,
998X2X.07
Re =-------—— - 139720
lxlO-3
The veloeity of 2m/s was used to ealculate the Reynolds number because this veloeity is widely
recognized as a benehmark velocity for power generation. There are some power generation
devices which operate at tidal velocities of less than 2m/s but this veloeity is often stated as
being a minimum for many devices.
To model the device in a wind tunnel, the Reynolds number should ideally be maintained. This
could be aehieved be either changing the size of the model or the increasing velocity of the air or
even a combination of both.
The possibility of testing the model with an air speed of 2m/s was first examined. Taking the
Reynolds number of 139720 from above, the required diameter for the main body of the model
was calculated as follows.

39720

1.205x2xD
1.75x10-5

139720x1.75x10-5
D =----------- ----------- = 985.5mm
1.205x2
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The wind tunnel available has a test chamber of 300mm x 300mm x 1000mm. This greatly limits
the size of the model which can be tested in the wind tunnel. The model will also have the two
sensors protruding from either side which have not been yet considered in trying to determine if
a model of the same Reynolds number can be accommodated in the wind tunnel. The length of
the device is 370mm and if this was to be scaled accordingly with the diameter of the body of the
device the new length would be 5270mm. As this size model would be too large for the wind
tunnel available it was decided to recalculate the diameter using the maximum air velocity
available to try to maintain the Reynolds number. The maximum air velocity that the wind tunnel
is rated for is 15m/s, however in tests air speeds of up to 18m/s were measured at maximum
power. This air velocity was found to be unsteady so it was decided to use the maximum rated
air velocity of 15m/s for the calculations.

139720 =

D=

1.2Q5xl5xD
1.75x10-5

139720x1.75x10-5
1.205X15

35mm

This calculation gives a diameter of 135mm for the main body which would result in a length of
733mm for the length of the body if the length was to be scaled at the same rate as the diameter.
The wind tunnel could accommodate this size but there also the two sensors protruding from
either side to be considered and if these were scaled to suit the main body of the device, this
would add 240mm to the width giving an overall width of 375mm which will not fit in the wind
tunnel. It is also desirable that the model be placed in the center of the wind tunnel away from
any boundary layer affects generated by the tunnel walls.
Due to the restrictions on the size of the model which could be tested in the wind tunnel it was
decided that a model of arbitrary size should be tested in the wind tunnel and that a similar size
model should be simulated in an enclosure of similar dimensions as the available wind tunnel
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with the CFD software. The results from the wind tunnel tests could then be compared with the
results of the CFD. While this method could not be considered an ideal test of the device, it
would however provide some information with which to verify the data attained with the CFD
analysis.

6.2

Model Production

It was decided that the model to be tested in the wind tunnel did not need to be a scale model of
the device once a model of the same dimensions was used for the wind tunnel testing and the
CFD analysis. The results of the wind tunnel testing and the CFD simulation could then be
compared.
It was decided to produce a model which would incorporate pressure tapings at certain points.
The pressure at these points could then be measured at different air velocities by connecting the
tapings to a multi tube manometer. The position for these tapings would be decided on and
incorporated into the model during production. The model was to be produced using a rapid
prototyping machine which would produce the parts quickly and accurately.
The first step in this process was to draw up the model using Solidworks CAD software. The
propeller would be excluded from the model because it was downwind of any pressure tapings
that would be required and this would make the manufacture of the model in the rapid prototype
easier. The design for the wind tunnel model is shown in Figure 6.2.1.
Because the model is symmetrical along its center horizontal plane, only one half of the model is
required for the wind tunnel testing. This will allow the pressure tubes to be connected to the
tapings and routed from underneath the model to the manometer. It will also cut down on
production time. The model will also have open cavities underneath for this reason.
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Figure 6.2.1

Drawing of the wind tunnel model

The model was to be tested in two configurations within the wind tunnel. The first configuration
was with the sensor vertical which would allow tapings on the face of the sensor and on the main
body of the model directly fore and aft of the sensor. The second configuration was with the
sensors horizontal which would allow tapings to be placed on the side of the sensors and would
also allow tapings to be placed on the main body at 90° to the tapings used in the first
configuration. To do this two half sections of the model would need to be constructed which
were sectioned at a 90° offset from each other. The most efficient way of constructing these
models would need to be considered. Because of the limitations in size of the parts that could be
produced in the rapid prototyping machine which was 203mm x 203mm x 305mm, the model
would have to be manufactured in sections and then assembled. Figures 6.2.2 and 6.2.3 show the
two the configurations of the model which were to be tested.
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Figure 6.2.2

Configuration A

Figure 6.2.3

Configuration B

It was decided to use the front section of the model, fore of the sensors for both configurations as
this section of the model would be the same regardless of orientation. Due to the 203mm x
203mm x 3051imitations of the rapid prototyping machine, the model will still require five parts
to produce the two configurations.
In order to generate the required drawing files for the separate part sections the complete model
hollowed out in two sections by using an extruded cut in the main body of the model. The model
was then sectioned into three parts. The first part was the front section just fore of the sensors.
The next part was the mid-section which was from just fore of the sensors to the tapered section
at the rear of the model and the third section was the rear of the model. Figure 6.2.4 shows the
front hollowed out section with holes to accommodate dowels to allow the section to be mated
with the mid-section. This section would be used for both configurations.
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Figure 6.2.4

Front section

The mid-section of configuration A is shown in Figure 6.2.5 and this section would have holes in
matching positions to the front section so that they could be joined together. The rear section of
configuration A is shown in Figure 6.2.6. A dovetail joint was incorporated into the rear section
and the midsection to unsure a good fit.

Figure 6.2.5

Mid-section of configuration A
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Figure 6.2.6

Rear section of configuration A

The mid and rear sections for configuration B were produced by taking the original drawing of
the model and splitting it on a plane at 90°to the split used to produce the parts for configuration
A. Both the mid-section and the rear section for configuration B are shown in Figures 6.2.7 and
6.2.8 respectively.
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Before the parts were manufactured in the rapid prototyping machine, it was decided that the
sensor in configuration A mid-section should be machined separately and fitted to the model
later as this part was required to be hollow to allow for the passage of air tubes through it so the
pressure measurements at the tip of the sensor could be monitored. A decision was also made to
drill out the pressure tapings after the parts were manufactured rather than incorporating them
into the drawings beforehand because the rapid prototype machine did not always produce holes
of less than 2mm accurately.
The machine used to manufacture the parts required for the models was a Dimension SST 3D
printer. This machine works by taking a CAD file of the part and builds the part up layer by layer
using a material called acrylonitrile butadiene styrene. This material is strong and rigid but can
be brittle. There are time constraints in the manufacture of larger parts as it is a slow process to
manufacture the parts in the rapid prototype machine. Each of the parts for the model took eight
to ten hours to produce and they were then immersed in a solution to dissolve any thin edges and
imperfections for another twelve hours. Figures 6.2.9 and 6.2.10 show one of the parts being
produced in the rapid prototyping machine at different stages.
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Figure 6.2.9

Mid-section of model in the early stage of production

Figure 6.2.10 The complete mid-section in the rapid prototyping machine

When the parts were manufactured the sensor for configuration A, was made by turning nylon to
the desired size so that it could be inserted into a 15mm hole which was drilled in the sensor
position. This center of the piece was drilled out to within 5mm of the face of the sensor so that
tapings could be drilled in the face and copper tubes routed down the sensor so that tubes could
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be connected to them and in turn to the manometer. Pressure tapings were also drilled in the
desired places on the main body of the models for configuration A and B. The holes were drilled
to accommodate 2mm copper tube which was then fitted to the model from the underside until
they were flush with the outer face. Figures 6.2.9 and 6.2.10 show the positions of the pressure
tapings.

Photographs of the actual models in both configurations are shown in Figures 6.2.11 and 6.2.12.
As stated earlier, both configurations share the same front section. The pressure tapings can be
seen in the photographs.
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Figure 6.2.13 The finished model in configuration A

Figure 6.2.14 The finished model in configuration B

6.3

CFD Analysis of wind tunnel and model

The Solidworks models that were used to produce the parts for the wind tunnel experiments were
also used for the CFD simulations. The positions of the pressure tapings were added to the
Solidworks model and extruded as ducts so that the simulated pressure could be read in the ducts
which should be comparable to the way the pressure tapings would be measured by the
manometer in the wind tunnel model. The model was enclosed in an enclosure of similar
dimensions to that of the test chamber in the wind tunnel. This enclosure would then replicate the
walls of the wind tunnel with the inlet and outlet at both ends. The model would be attached to a
stand in the wind tunnel which would allow it to be centered on all axes therefore the model was
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also centered for in the enclosure for the CFD analysis. Figure 6.3.1 shows the Solidworks model
set up in the enclosure that represents the wind tunnel test chamber.

Figure 6.3.1

The Solidworks model in the enclosure

The model and the enclosure were then meshed using ANSYS Fluent. Mesh inflation was
applied to all surfaces of the model and a total of 76,498 nodes and 413,121elements were
employed to create the mesh. The resultants mesh can be seen in Figure 6.3.2.

Figure 6.3.2

The model and enclosure meshed using ANSYS Fluent
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The parameters for the simulation were then set up in CFX Fluent. The face shown in green in
Figure 6.3.3 was designated as an input with a pressure of zero Pascal. The red face was
designated as an output with a velocity of -15m/s. This set up was used to try to best simulate the
way the wind tunnel operates because the fan is situated at the back of the wind tunnel behind the
test chamber and therefore the air is sucked into the front of the wind tunnel and exhausted out
the back. The pressure tapings on the model were also set up in the simulation so that the
pressures at these points could be measured and compared to the measured values in the wind
tunnel. Three additional points were added to the simulation, one of which was in the center of
the test chamber directly in front of the model and the other two points were on the left and right
walls of the tunnel. Pressure tapings were set up in the wind tunnel in the same places as the
points in the simulation. These points could be used as reference points and would give an
indication of how the CFD results would compare to the actual wind tunnel measurements before
a model was even put in the wind tunnel. All of the points set up in the simulation are also shown
in Figure 6.3.3.
The points were given designated names and each corresponding taping had the same name. The
names indicate clearly the position of the points. The points were named as follows.
Cone

in the cone of the device

Flull fore

at the front of the hull section

Hull mid

on the hull section, just in front of the sensor

Hull aft

on the hull section, just behind the sensor

Sensor fore

on the face of the sensor to the front of the device

Sensor aft

on the face of the sensor to the rear of the device

Enclosure center

in the center of the enclosure in front of the model

Enclosure left

on the left wall of the enclosure

Enclosure right

on the right wall of the enclosure
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Figure 6.3.3

The pressure taping points, input and outlet

After the simulation was carried out the pressures at different points were recorded and the outlet
velocity was then changed to -lOm/s and the simulation was run again and this process was
repeated again at -8m/s, -5m/s and -3m/s. This would produce static pressure results at a range of
different air velocities and the results are presented in table 2.
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Table 2 CFD results for configuration A model
19m/s

15m/s

lOm/s

8m/s

5m/s

Cone

-163 Pa

-102.2 Pa

-45.5 Pa

-29 Pa

-11.3 Pa

Hull fore

-250 Pa

-156.5 Pa

-69.7 Pa

-44.7 Pa

-17.5 Pa

Hull mid

-221 Pa

-138.5 Pa

-61.8 Pa

-39.5 Pa

-15.4 Pa

Hull aft

-239 Pa

-149.1 Pa

-66.4 Pa

-42.5 Pa

-16.4 Pa

Sensor fore

-485 Pa

-301.9 Pa

-134 Pa

-85 Pa

-32.8 Pa

Sensor aft

-292 Pa

-182.9 Pa

-82.3 Pa

-52.8 Pa

-20.5 Pa

End. centre

-220 Pa

-137.5 Pa

-61.1 Pa

-39.1 Pa

-15.2 Pa

End. left

-228 Pa

-142 Pa

-63.2 Pa

-40.4 Pa

-15.8 Pa

End. right

-228 Pa

-142.2 Pa

-63.2 Pa

-40.5 Pa

-15.8 Pa

The same procedure was then carried out with the model in configuration B. The Solidworks
model was enclosed in the same way as the earlier model and the enclosure was again
constructed with the same dimensions as the wind tunnel test chamber. This model and enclosure
was then meshed using the Fluent meshing tool. The completed mesh consisted of 79,080 nodes
and 439,499 elements. The meshed configuration B model and enclosure is shown in Figure
6.3.4.
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Figure 6.3.4

Configuration B model and enclosure mesh

Points were again set up to represent the pressure tapings in the configuration \B model. The
pressure tapings on the hull and cone were the same as those on the configuration A model.
Additional points were added on the sensors which were on the left and right of this model. The
points for configuration B are shown in Figure 6.3.5.
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Figure 6.3.5

The pressure tapings for configuration B model

The points for configuration B were also named and are listed below. The points are the same as
those in configuration A except for the points associated with the sensors.

Cone

in the cone of the device

Hull fore

at the front of the hull section

Hull mid

on the hull section, just in front of the sensor

Hull aft

on the hull section, just behind the sensor

Sensor left inside

on the upper surface of the left hand sensor close to the hull

Sensor left outside

on the upper surface of the left hand sensor close to the sensor face

Sensor right inside

on the upper surface of the right hand sensor close to the hull

Sensor right outside

on the upper surface of the right hand sensor close to the sensor face

Enclosure center

in the center of the enclosure in front of the model
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Enclosure left

on the left wall of the enclosure

Enclosure right

on the right wall of the enclosure

This model was again simulated using ANSYS Fluent and was simulated using a range of air
velocities so that pressure tapings readings could be obtained for a range of air speeds. The
results of these pressure readings from simulations for configuration B are shown in table 3.

Table 3 CFD results for configuration B model
19 m/s

15m/s

lOm/s

8m/s

5m/s

Cone

-142.6 Pa

-89 Pa

-39.5 Pa

-25 Pa

-9 Pa

Hull fore

-256.6 Pa

-159 Pa

-71 Pa

-45.5 Pa

-17.8 Pa

Hull mid

-243.4 Pa

-151.7 Pa

-67.4 Pa

-43.2 Pa

-16.9 Pa

Hull aft

-241.5 Pa

-150.5 Pa

-66.8 Pa

-42.7 Pa

-16.7 Pa

Sensor left in

-528 Pa

-323 Pa

-138.4 Pa

-86.1 Pa

-31.2 Pa

Sensor left out

-566 Pa

-345 Pa

-147.6 Pa

-92.2 Pa

-33 Pa

Sensor right in

-639 Pa

-395 Pa

-172.1 Pa

-108.6 Pa

-40.4 Pa

Sensor right out

-457 Pa

-281 Pa

-121.7 Pa

-76.71 Pa

-28.5 Pa

End. center

-220 Pa

-137.4 Pa

-61.1 Pa

-39.1 Pa

-15.3 Pa

End. left

-229 Pa

-142.1 Pa

-63.2 Pa

-40.4 Pa

-15.8 Pa

End. right

-229 Pa

-142.1 Pa

-63.2 Pa

-40.5 Pa

-15.8 Pa

Velocity streamlines were added to the CFD simulation results for the range of air velocities
analysed which gives a visual indication of how the air moves around the model and how the
velocity of the airflow is affected by the shape of the model. Figure 6.3.6 shows the velocity
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streamline for a configuration A model with an air velocity of 10 m/s input to the wind tunnel.
There is only limited disturbance to the direction and speed of the air flow caused by the model
which would indicate that the design of the model is such that the disturbance in fluid flow
around it should be minimal.

Velocity
Velocity streamline

igf* 1.556

-1.1676+001

- 7.7806+000

- 3.8906+000

O.OOOe+000
[m s'^-l]
Figure 6.3.6

6.4

Velocity streamlines for model A at 10 m/s

Wind Tunnel

Due to the lack of a facility to test the device in water it was decided to model the device in CFD
using air as a fluid and to then test a model of the device in an available wind tunnel and to
compare the results so that the CFD analysis could be verified.
The wind tunnel is a TecQuipment AFIOO and has a maximum flow of around 22 m/s. Due to
some construction taking place at the time in the laboratory where the wind tunnel was usually
located it was moved to a different room which measured 6m X 8m.
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The wind tunnel employs a fan to draw the air into the front, through the test chamber which
measures 300mm x 300mm x 1000mm, through the fan itself and the air is then exhausted
through the rear of the wind tunnel. The test chamber is constructed of Perspex through which
the test piece can be observed. The top of the test chamber is removable to allow access to the
test chamber. The speed of the fan is variable and can be done by adjusting a potentiometer on
the control panel which also houses the on and off buttons and an isolation switch. The wind
tunnel can be seen in Figure 6.5.1. The inlet to the wind tunnel is the square section at the far
end. The Perspex test chamber can be seen in the middle and the control panel is also visible.
The fan is housed in the forward round section behind the control panel.

Figure 6.4.1 The wind tunnel in the room where testing would take place

Model A was first assembled and 3mm copper tube was inserted into each of the drilled tapping
points. A stand was then constructed that would allow the model to be positioned in the middle
of the test chamber, mid-way from the left and right walls and mid-way from the floor and
ceiling of the test chamber. This is the area where the air should be at its cleanest and the
boundary effects of the walls would not affect the air flow over the model.
The static pressure at each tapping on the model would be measured with the use of a multi tube
manometer. The manometer is a TecQuipment AFAl which is 36 tube tilting manometer. The
manometer incorporates a reservoir which is height adjustable so that the level of liquid in the
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tubes can be set at any level. The liquid in the tubes is water with some food dye added to make
it easier to see. The multi tube manometer with some tubes connected to it is shown in Figure
6.4.2.

Figure 6.4.2

Multi-tube manometer with tubes attached

The air velocity in the tunnel was measured with a Mitchell incline manometer and a pitot tube.
The incline manometer had a range of 0 to 25 m/sand from 3 m/s on was graduated in 0.25 m/s
divisions. The potentiometer on the control panel of the wind tunnel could be adjusted which
controlled the speed of the fan until the desired air speed was achieved. The air speed could be
read from the incline manometer as the fan speed was adjusted. The incline manometer is shown
in Figure 6.4.3.
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Figure 6.4,3

6.5

Mitchel incline manometer

Wind Tunnel Testing

The configuration A model was set up in the wind tunnel first. The copper tubes which had
previously been inserted into the pressure taping holes were connected to the multi-tube
manometer with plastic tubes. Each point was connected to a separate tube and a note was taken
of which manometer tube was connected to each point. The model was mounted on the stand and
the stand was bolted through the floor of the wind tunnel. Three other pressure tapings were set
up as a reference. One was set up on the right hand wall of the test chamber and one on the left
hand wall. Another one was set up in the middle of the chamber to the front of the test chamber.
Tests were carried out at a variety of different air velocities and the static pressures at each of the
points were recorded. This was done by connecting each pressure taping to a tube in the multi
tube manometer with a plastic hose. The static pressure readings for each point at the different
air velocities are given below in table 4,

Table 4 Wind tunnel test results for configuration A model
Point

Cone

19 m/s
-155 Pa

15 m/s
-98 Pa

10 m/s
-49 Pa

120

8 m/s
-39 Pa

5 m/s
-39 Pa

Hull fore

-304 Pa

-196 Pa

-117 Pa

-88 Pa

-58 Pa

Hull mid

-196 Pa

-156 Pa

-98 Pa

-78 Pa

-49 Pa

Hull aft

-294 Pa

-186 Pa

-127 Pa

-88 Pa

-58 Pa

Sensor fore

-363 Pa

-255 Pa

-176 Pa

-176 Pa

-78 Pa

Sensor aft

-333 Pa

-235 Pa

-156 Pa

-137 Pa

-68 Pa

End. left

-274 Pa

-176 Pa

-107 Pa

-88 Pa

-58 Pa

End. right

-245 Pa

-156 Pa

-127 Pa

-98 Pa

-78 Pa

End. centre

-265 Pa

-176 Pa

-98 Pa

-78 Pa

-58 Pa

The model was then set up in the B configuration. Static pressure measurements were then taken
for the taping points for this model at the same air velocities as in the A configuration model.
The results for these tests are shown in table 5 below.

Table 5
Point

19 m/s

Wind tunnel results for configuration B model
15 m/s

10 m/s

8 m/s

5 1

Cone

-146 Pa

-88 Pa

-58 Pa

-49 Pa

-39 Pa

Hull fore

-296 Pa

-206 Pa

-128 Pa

-78 Pa

-39 Pa

Hull mid

-214 Pa

-186 Pa

-98 Pa

-78 Pa

-58 Pa

Hull aft

-303 Pa

-206 Pa

-118 Pa

-78 Pa

-49 Pa

Sensor left in

-412 Pa

-392 Pa

-108 Pa

-78 Pa

-68 Pa

Sensor left out

-441 Pa

-372 Pa

-108 Pa

-88 Pa

-78 Pa

Sensor right in

-470 Pa

-480 Pa

-157 Pa

-147 Pa

-98 Pa
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Sensor right out

-392 Pa

-245 Pa

-118 Pa

-118 Pa

-88 Pa

End. left

-225 Pa

-176 Pa

-98.1 Pa

-107 Pa

-49 Pa

End. right

-240 Pa

-147 Pa

-117.9 Pa

-88 Pa

-39 Pa

End. center

-240 Pa

-166 Pa

-98 Pa

-78 Pa

-39 Pa

When the results from the wind tunnel tests on both models were compared to the results
obtained from the CFD analysis, there were large and inconsistent differences across the full
range of measurements taken at the various air velocities.
The wind tunnel tests were run a number of times and the results varied slightly from test to test
but large differences remained between the CFD results and the wind tunnel results.
However if the wind tunnel results and the CFD results for the same air velocity are plotted a
similarity can be seen in the relationship between the points. This would indicate some
correlation between the two sets of results but the numerical values do not compare well.
Figure 6.5.1 shows a comparison between the wind tunnel and the CFD results for an air velocity
of 15m/s. A similarity in the shape of the trend line can be seen.

Wind Tunnel Results 15 m/s

CFD Results 15 m/s
0
■50 3

■50

■100

-iOO
JB

5 -150

S.
•200
■250

■300

■500

■350

Figure 6.5.1

Graphs of wind tunnel and CFD results at 15m/s

When the reasons for the large discrepancies were considered, a number of issues were identified
which could point to a problem with the wind tunnel testing.
While the testing was in progress the air was found to buffer around the room varying amounts,
depending on the fan speed. This phenomenon also appeared cyclical in nature. This could be
122

observed by observing paper sheets which were placed in areas around the room. These sheets of
Paper were anchored at the corners with weights and they could be seen to flutter for a while,
then settle and then flutter again. This would indicate that the air was moving around the room in
a turbulent manner. The air that was being exhausted from the wind tunnel was then travelling
across the room to the inlet of the wind tunnel.
When the CFD results for the two points, end. left and end. right are looked at, it can be seen
that they are consistently the same. The reason for this is that the air would be entering the test
chamber in a laminar flow and the pressure readings on both sides of the test chamber would be
equal. However when the same points are examined in the wind tunnel results there is a
discrepancy between them at all times. For air velocities of 15m/s and higher, the end. left point
is higher than end. right but for air velocities of 12m/s and less, end. right is higher than end.
left. This would indicate a change in the dynamics of the air entering the wind tunnel between
12m/sand 15m/s.
Some other large equipment was stored in the room where the wind tunnel was situated. During
the testing process other large pieces of equipment were moved into the room. It was noted that
the test results changed marginally after new pieces of equipment was put in the room.
It would have been expected that the left and right enclosure points would have been very similar
for all air velocities during the wind tunnel tests. The fact that they were not would indicate that
the air in the room was unstable probably due to the area being too small to successfully operate
the wind tunnel. This caused the air to enter the wind tunnel a turbulent, multi-directional way
that caused inconsistencies in the air speed over the model and therefore the results of the
pressure readings were spurious. If the exhaust of the wind tunnel could have been vented to
atmosphere instead of into the confined area of the room, the situation may have been greatly
improved.
Due to the costs involved in having the wind tunnel moved to a more suitable location and the
time involved it was important to be able to show that the room where the wind tunnel was
housed was unsuitable for proper operation. The discrepancy in static pressure readings between
the end. left point and the end. right point indicated uneven air flow through the wind tunnel
however there was some resistance to the idea of moving the apparatus.
It was decided to model the room with CFD to see if there was any basis for the theory that the
confines of the room were affecting the air flow through the wind tunnel. The easiest way to
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model the room and the wind tunnel in the room was first draw the room to scale and then draw
the furniture and equipment in the room as close to scale as possible. The wind tunnel was drawn
to scale, but as a round tube and was positioned in the appropriate place within the room. The
room was then sliced on a plane coincident with the exhaust end of the wind tunnel.
To simulate the room using CFD, the end of the tube representing the wind tunnel was defined as
an output from the room and sliced section of the room was defined as an input. This would
closely represent how the air was moving in the room in that the wind tunnel was exhausting the
air and this air was then being drawn through the room and back into the wind tunnel. The output
could then be set to any air velocity required. Figure 6.5.2 shows the room with the furniture and
equipment and with the input and output set prior to CFD simulation.

Figure 6.5.2

Room model with input and output prior to CFD simulation

The room was modelled using transient analysis for a period of 100 seconds in one second time
steps so that the velocity streamlines of the air could be monitored at different stages rather than
using a steady state analysis. Figure 6.5.3 shows the simulated air flow through the room and the
w ind tunnel with the output of the wind tunnel set to 5m/s. This velocity was chosen for the
simulation because it was thought that a lower air velocity would create a more stable and
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laminar flow through the room and wind tunnel than a higher air velocity. If it could be shown
that there were problems with the air flow at a low velocity, it would be reasonable to presume
that in a confined area, any increase in air velocity would exaggerate the problem. It can be seen
in Figure 6.5.3 that the air is spiralling in the room and is very turbulent and that the air velocity
through the tunnel varies greatly. Figure 6.5.4 is a view of the air flow through the wind tunnel
and it can be seen that flow through the tunnel itself is also very turbulent. This would explain
why the two points, end. left and end. right which are positioned on the wall at either side of the
test chamber are not recording the same pressures.

Figure 6.5.3

Simulated air flow through the room and the tunnel at 5m/s
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Figure 6.5.4

6.6

Simulated air flow through the wind tunnel

Wind Tunnel Modifications

As a result of the unsatisfactory results obtained from the wind tunnel testing and the results
obtained from the CFD simulation of the room in which the testing was being conducted it was
decided to try to acquire a straightener for the wind tunnel. This should help to eliminate some of
the problems of the air entering the wind tunnel in a turbulent fashion. Efforts were made to
locate a straightener to suit the wind tunnel but one was not available.
It was decided to make a straightener that could be fitted into the wind tunnel in front of the test
chamber. The straightener was constructed from 50mm mild steel box section which would
comprise the frame and a mild steel pipe of 13mm bore which would be cut into lengths of
260mm and welded into the frame. There would be small sections within the frame into which a
pipe would fit which would result in some gaps along the length of the straightener but these
gaps would also result in a straightening effect for the air as it travelled between the pipes. The
finished straightener is shown in Figure 6.6.1.
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Figure 6.6.1

The straightener constructed to fit in the wind tunnel

While the straightener was being constructed, a new and much larger laboratory became
available and so it was decided to move the wind tunnel into the new laboratory. A second
straightener which was designed to fit on the inlet of the wind tunnel was also constructed as a
part of a separate project and this straightener was also fitted to the wind tunnel. This
straightener is shown in Figure 6.6.2.
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Figure 6.6.2

A second straightener fitted to the inlet of the wind tunnel

To test the effectiveness of the straighteners and the new location of the wind tunnel, the two
pressure tapings which were earlier designated as enclosure left and enclosure right were again
set up and connected to the multi-tube manometer and the fan was run at different speeds.
Throughout the full range of the fan’s speed, the static pressure at the enclosure left taping was
the same as the static pressure at the enclosure right taping. This was something that had never
occurred during the earlier wind tunnel tests in the smaller room. The combination of the larger
room and the straighteners had resulted in a more laminar air flow through the wind tunnel.

6.7

Further Wind Tunnel Testing

Model A was again set up in the wind tunnel and the pressure tapings were connected to the
multi-tube manometer as earlier. The same pressure taping points were again used with the
exception of the enclosure center point as it was deemed to be of little value and made the
removal of the wind tunnel cover difficult.
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The incline manometer was also set up so that the fan could be adjusted to the required speed.
However some of the initial measurements that were observed were higher than expected. After
some experimentation it was discovered that different speeds were being measured at different
points in the wind tunnel at the same fan speed. The measured velocities varied from the front to
the back of the wind tunnel but not across from side to side. It became apparent that the internal
straightener was causing a jet effect at the openings of the small bore pipes which seemed to
extend down the length of the wind tunnel test chamber. In order to rectify this problem the
internal straightener was removed and the fan was again run at a range of speeds in order to
check the pressure measurements at enclosure left and enclosure right. Both of these pressure
measurements were again consistently equal throughout the full range of fan speeds. This would
indicate that the combination of the straightener at the inlet of the wind tunnel and the larger
room were sufficient to solve the problem of the turbulent air flow through the tunnel. The air
velocity was checked at different points along the length of the wind tunnel test chamber at the
same fan speed and the velocity measurements were found to be consistent. This test was carried
out for a range of fan speeds and the results were found to be satisfactory. It was however
decided to take future velocity measurements during the wind tunnel testing in the area of the test
chamber where the model was situated. Figure 6.7.1 shows the model set up in the wind tunnel
and the incline manometer pitot tube situated directly over the front of the model.

Figure 6.7.1

Model set up in the wind tunnel with the pitot tube in position
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6.8

Final Testing

The tests were again run on model A and model B and they were done over a range of air
velocities. The air velocities that the tests were done at were 19m/s, 15m/s, 1 Om/s and 8m/s.

6.8.1

Configuration A Model Results

The results from the wind tunnel tests are given in table 6.

Table 6 Modified wind tunnel results for configuration A model
Point

19m/s

15m/s

lOm/s

8m/s

Cone

-103 Pa

-68.7 Pa

-34.4 Pa

-19.6 Pa

Hull fore

-255 Pa

-157 Pa

-68.7 Pa

-49 Pa

Hull mid

-225 Pa

-137.4 Pa

-58.8 Pa

-39.2 Pa

Hull aft

-235.5 Pa

-147.2 Pa

-63.7 Pa

-39.2 Pa

Sensor fore

-412 Pa

-264.9 Pa

-117.7 Pa

-73.6 Pa

Sensor aft

-294 Pa

-176.6 Pa

-78.4 Pa

-58.8 Pa

End. left

-206 Pa

-137.4 Pa

-58.8 Pa

-39.2 Pa

End. right

-206 Pa

-137.4 Pa

-58.8 Pa

-39.2 Pa
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These results were very close to the CFD simulation results except for two points. The point
designated cone was consistently lower that the CFD would suggest. The reason for this may be
that the taping for this pressure point was drilled into the front of the model at an angle and was
also directly in the flow of the air. This would have made it more of a dynamic pressure reading
than a static pressure reading but in reality it was probably somewhere between the two. The
angle that the hole was drilled at in the model may not have been the same as in the Solidworks
model which was used for the CFD.
The point designated sensor fore was also consistently higher in the CFD than in the wind tunnel
tests. Across the four different air velocities the error between the CFD and the wind tunnel
results was between 14% and 16% but the error itself only varied by 2%. The reason for the error
at the sensor fore point is not apparent but the error was however consistent which would suggest
that there was a fundamental reason for it. The results of the wind tunnel tests on all the other
points had an average error of less than 5% from those of the CFD results.
It was decided to re-mesh the geometry of model A and to run the CFD simulation again. Mesh
inflation was added to the surface of the model and the meshing relevance was increased. This
resulted in a mesh consisting of 485,000 elements. ANSYS licencing arrangements limited the
number of nodes and elements that could be utilised in the simulation to 500,000. The geometry
was meshed to try to utilise as many nodes and elements as were available. The re-meshing
resulted in the sensor fore point moving closer to the actual measured value in the wind tunnel
test but for the 19m/s and 15m/s simulations, the point sensor aft moved away from the actual
value that was measured in the wind tunnel. For the lOm/s simulation the sensor fore point is the
same as that measured in the wind tunnel but the sensor aft point is higher and for the 8m/s
simulation, both points are almost the same as the values recorded in the wind tunnel.
Table 7 shows the CFD measurements for the sensor fore point and the sensor aft point after the
geometry was re-meshed.
Table 7 Result comparisons for re-meshed geometry
Point

19m/s

15m/s
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lOm/s

8m/s

Sensor fore

-485 Pa

-301.9 Pa

-134 Pa

-85 Pa

Sensor fore

-431 Pa

-269 Pa

-117 Pa

-76.5 Pa

Sensor aft

-292 Pa

-182.9 Pa

-82.3 Pa

-52.8 Pa

Sensor aft

-324 Pa

-203 Pa

-89 Pa

-58.5 Pa

after re-mesh

after re-mesh

In order to establish grid independence, the geometry was again re-meshed. This time 440,000
elements were utilised and the simulation was re-run with an air velocity of lOm/s. The results
obtained were within approximately 1.5% of the results obtained using the finer mesh. This
would indicate that further refinement of the mesh if it were possible would not yield any real
improvement in the results. The results for both meshes can be seen in table 8.
Table 8 Grid independence test results for model A
485,000 Elements

440,000 Elements

-42.2 Pa

-44 Pa

Hull fore

-70 Pa

-72.8 Pa

Hull mid

-61.7 Pa

-61.2 Pa

Hull aft

-64.4 Pa

-64.9 Pa

Sensor fore

-117 Pa

-115.3 Pa

-89 Pa

-90 Pa

End.center

-61.1 Pa

-61 Pa

End. left

-63.2. Pa

-63.2 Pa

End. right

-63.2 Pa

-63.2 Pa

Cone

Sensor aft
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Figure 6.8.1 is a graph of the CFD results obtained for each point using the 485,000 element and
the 440,000 element mesh. The average error between both sets of results obtained was less than
1.5%.
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Figure 6.8.1

Grid independence test results for model A

Figure 6.8.1 is a graph of the CFD and wind tunnel results for corresponding points at lOm/s for
the configuration A model.
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Figure 6.8.2

CFD and wind tunnel results at lOm/s
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Figure 6.8.2 is a graph of the CFD and the wind tunnel results for corresponding points at 8m/s
for the configuration A model.

8 m/s
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Figure 6.8.3

CFD and wind tunnel results at 8rn/s

Figure 6.8.3 is a graph of the percentage error between the CFD and the wind tunnel results for
air velocities of 8m/s and lOm/s. Point 1 which was designated cone has been excluded because
of the discrepancy between the wind tunnel and CFD results for this point for both models which
is probably because of the angle at which the taping was drilled.
The average error in the lOm/s series is 5.5%
The average error in the 8m/s series is 4.07%
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CFD and Wind Tunnel Comparisons
—10 tn/ s —8rn /s

Figure 6.8.4

Percentage errors between the CFD and wind tunnel for model A
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6.8.2

Configuration B Model Results

Table 9 Modified wind tunnel results for configuration B model
Point

19m/s

15m/s

lOm/s

8m/s

Cone

llSPa

58.8Pa

49 Pa

34.3Pa

Hull fore

274Pa

156.96Pa

78Pa

54Pa

Hull mid

235Pa

127Pa

68.6Pa

54Pa

Hull aft

245Pa

157Pa

78Pa

59Pa

Sensor Left in

500Pa

294Pa

127Pa

78Pa

Sensor Left out

544Pa

323Pa

137Pa

98Pa

Sensor Right in

588Pa

32Pa

157Pa

98Pa

Sensor Right out

425Pa

260Pa

118Pa

78Pa

Enc. Left

236Pa

137Pa

78Pa

49Pa

Enc. Right

236Pa

137Pa

78Pa

49Pa

A grid independence test was also carried out for configuration B model with 499,000 elements
and 453,000 elements with the air flow set to lOm/s. The results again show that the increased
number of elements did not have any significant impact on the results achieved. The results for
both tests are shown in table 10.

Table 10 Grid independence test results for model B
Point

499,000 Elements

453,000 Elements

Cone

-39.5 Pa

-41.1 Pa
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Hull fore

-71 Pa

-72.2 Pa

Hull mid

-67.4 Pa

-65.7 Pa

Hull aft

-66.8 Pa

-66.1 Pa

Sensor Left in

-138.4 Pa

-140.3 Pa

Sensor Left out

-147.6 Pa

-145.7 Pa

Sensor Right in

-172.1 Pa

-171.9 Pa

Sensor Right out

-121.7. Pa

-119.4 Pa

End. center

-61.1 Pa

-59 Pa

End. left

-63.2 Pa

-64.5 Pa

End. right

-63.2 Pa

-64.5 Pa

Figure 6.8.5 is a graph of the CFD results obtained for each point using the 599,000 element and
the 453,000 element mesh. The average error between both sets of results obtained was less than

1%.
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Figure 6.8.5

Grid independence test results for model B
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Figure 6.8.6 is a graph of the CFD and the wind tunnel results for corresponding points at lOm/s
for the configuration B model.
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Figure 6.8.6

CFD and wind tunnel results at lOm/s

Figure 6.8.7 is a graph of the CFD and the wind tunnel results for corresponding points at 8m/s
for the configuration B model.
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Figure 6.8.7

CFD and wind tunnel results at 8m/s

The results for eonfiguration B model were not as close to the CFD results as was the case for
the configuration A model. The geometry for configuration B model was re-meshed a number of
times and the simulation was re-run but any changes in the pressure measurements were
negligible. For the final simulation, the mesh consisted of 499,905 elements. The maximum
number of elements allowed with licence constraints was 500,000 so therefore no more
refinement of the mesh could be achieved.
The geometry of model B was a more complex geometry than that of model A which may have
resulted in an inferior quality mesh. The skewness and the aspect ratio are important qualities of
the mesh and can determine the results obtained. The more complex the geometry is, then the
more likely issues are to arise with the mesh quality. ANSYS licencing constraints prevented the
analysis of the mesh quality statistics and therefore it is possible that the quality of the mesh for
model B was not as good as that for model A. This could go somewhere towards explaining why
the comparison of the CFD and the wind tunnel results for model B were not as good as those for
model A.
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Figure 6.8.8 is a graph of the percentage error between the CFD and the wind tunnel results for
air velocities of 8m/s and lOm/s for configuration B model. Point 1 which was designated cone
has again been excluded.
The average error in the lOm/s series is 11.8%
The average error in the 8m/s series is 13%

CFD and Wind Tunnel Comparisons
♦

Figure 6.8.8

lOm/s

8m/s

Percentage errors between the CFD and wind tunnel for model B
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7

Conclusion

Micro generation may have a large role to play in the future development of the renewable
energy sector. Many small producers catering for their own energy needs and supplying surplus
energy to the grid could vastly increase the amount of renewable energy being produced and help
to achieve the goals set of by the European Union for energy production targets by 2020.
Micro tidal generation could also play a part in this movement.
There are many areas around the coast of Ireland and in inlets and harbours that may be well
suited to small scale energy production. However any feasibility studies that would need to be
carried out at these sites would require specialist equipment to obtain the relevant tidal data that
would be vital to the proposers of such a venture. The costs involved in the surveying of an area
might in itself render the project unviable. A low cost instrument capable of measuring tidal
stream information and storing this information for analysis would be of great benefit in the
drive to identify suitable sites for small scale tidal energy production. Such an instrument could
also be useful for scientific research and environmental monitoring and also for monitoring and
assessing the performance of existing, large scale tidal energy devices.
This project has shown that using a readily available, off the shelf, ultra-sonic sensor, it would be
possible to develop such an instrument. Equipment has been identified which is capable of being
used in conjunction with such a sensor and that has the ability to record and store large amounts
of information over long periods.
Extensive CFD research has resulted in a design which is capable of housing and deploying the
sensor and its ancillaries without adversely affecting the medium to be measured.
Ideally the CFD results should have been verified by modelling the device and testing it is a
flume tank but these facilities were not available. Instead the device was modelled in an air flow
using CFD and the results compared to those acquired form a wind tunnel.
The result comparisons between the CFD and the wind tunnel for the configuration A model
would suggest that the CFD results were in fact very accurate. The results for configuration B
model were not as conclusive as model A but model B was a more complex geometry and
restrictions on the number of elements that could be employed in the CFD analysis due to
ANSYS licencing arrangements also limited the testing that could be done.
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Quotations received from RDI instruments for a Workhouse Sentinel ADCP were for $21,000
for the basic instrument and this price was subject to import duties, taxes and shipping. This
instrument did not facilitate any communication between it and a shore based station. It also did
not include any equipment required for the deployment of the instrument. While the
effectiveness and accuracy of this instrument is well proven, the costs involved in incorporating
this instrument into any device would be very costly and would put its use beyond the budget of
a lot of small scale projects.
A quotation was also acquired from Valeport for a MIDAS electromagnetic current meter and
the cost of this instrument was £5000. This again was for the basic instrument which was
designed to be suspended from a buoy. It is a single point measuring device so any attempt to
measure current velocities through the water column would involve the Incorporation of the
instrument into a device such as proposed here. The instrument is quite large and heavy as it is
designed it be suspended and this would result in any device designed to house the instrument
being large and cumbersome and any buoyancy system would also need to be seized
accordingly. This would also add to an increase in costs in the development and manufacturing
of such a device.
The Airmar CS4500 is available at a cost of €600 and is perfectly suited to required task. Even
if two sensors were to be used and the results averaged which would probably prove to be
unnecessary, the sensor costs would still only be €1200. This cost includes the associated
electronics required to run the sensors. If measurements were only to be recorded and logged as
would be the case with the MIDAS ECM and the Workhorse Sentinel as per the quoted
instruments, a data logger would be required. The Omega pulse recorder costs around €90 and
each sensor would require a data logger. It is possible that a two channel data logger may be
more cost effective if two sensors were to be used. There are many off the shelf micro hydro
generators available at very low costs available which could be incorporated into the device for
continuous charging of the battery which would allow the device to be deployed for long periods.
A timer which would enable the sensor to be turned on and off at pre-determined times was
purchased for €25 and this would greatly decrease the power requirements.
The actual device itself would be constructed from aluminium tube in a number of sections.
Aluminium plate would be used to fabricate the hydroplanes. The cost of the materials involved
would be minimal however some undermined costs would be involved in the fabrication of the
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tubular sections. The proposed adjustable buoyancy system is not complicated and is of
reasonably simple design. It is proposed that it would be controlled with the aid of a pressure
sensor and a programmable control system. This system would need to be developed but the
components involved are low cost and a range of pressure sensors are available at a cost of
around €100. While the buoyancy system would require some development and cost, the
advantages that would accrue from it would be very beneficial. If the MIDAS ECM were to
record measurements at different depths, an adjustable buoyancy system would still be required.
The addition of wireless equipment to relay the recorded data to a shore bases station would also
involve some undetermined costs but much of the required hardware is available at low cost. The
ability to be able to do this would offer a huge advantage over other systems available. To enable
the Workhorse Sentinel and the MIDAS ECM to transmit recorded data to shore would require a
large investment.
A system with similar capabilities would be the Mclean moored profiler which with the addition
of a single point current recorder would cost around $40,000 plus import duties, taxes and
shipping costs. This device would require similar mooring techniques as the device proposed in
this report.
The complete development of this device was too large a project to undertake within the scope of
this report however much work has been done that would indicate that the device would be
viable and if pursued to completion could yield a low cost sophisticated device capable of
measuring tidal velocities over long periods. The data acquired could be recorded for recovery
later or be relayed wirelessly to shore depending on how far the project is developed.

7.1

Recommendations

From the results achieved it could be considered that the CFD overall was quite satisfactory
when compared with the wind tunnel results. This would then suggest that the CFD carried out in
the design of the instrument for water would also be accurate. It is therefore feasible that the
device if built as designed could produce measurements with an accuracy of + 3% to 4%. For a
sensor with a resolution of 0.05m/s, this would be an error of around 2mm/s.
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It is possible that capability could be added to the device to allow it to power itself and to also
allow it to take measurements at varying depths. It could even be possible to have this
information relayed to shore on a regular basis.
More work is required to bring this instrument to reality and field testing of the device would be
required but this report does show that there are grounds for the continued development of this
instrument.
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8.1

An Evaluation Of The Technologies Available For The Utilization Of Small Scale
(<20kW) Tidal And Estuary Flow Energy Systems For Local Electricity Provision.

T. Daly, C. Gibbons & D. O'Reilly.

Department of Mechanical Engineering, Cork Institute of Technology and The National
Maritime College of Ireland, CIT, Cork.

ABSTRACT
The idea of extracting power from the sea and the tides dates back to the middle ages but it has
gained a new impetus over the last number of years.
With the onset of climate change, which necessitates the need to reduce our C02 production, and
with the need to reduce our dependence on expensive foreign fossil fuels, it is now imperative
for Ireland that all clean renewable sources of energy are utilized fully.
Ireland is ideally situated to take advantage of the abundance of wave and tidal power around our
coast and in our harbours and inlets. Marine based industry could benefit from harnessing this
resource, providing an alternate supply and possible additional benefits in terms of carbon credits
or renewable energy feed-in tariffs for surplus production.
Tidal currents are entirely predictable and this is a major advantage over wind and wave power
which are both largely weather dependant and therefore somewhat unreliable.
This paper is a review of the most promising technologies available today to enable us to harvest
this clean energy resource. The particular emphasis is on tidal stream energy production, and in
particular small scale local utilization of tidal energy. A critical evaluation of the alternatives,
issues of scale and efficiency, and the suitability of a site for a particular device are explored.
An overview of the potential for site resource assessment methodologies is presented, along with
an overview of the proposed future work in the project.
A suitable potential site has been identified adjacent to the National Maritime College of Ireland
in Ringaskiddy, Cork. The site will act as a test case for the proposed future assessment methods.
The work is being undertaken in conjunction with staff from the NMCI and CIT.
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1.

RENEWABLE ENERGY

The drive for renewable energy has been gathering momentum in recent years for a number of
reasons. It is widely recognised that fossil fuels are running out and that alternative sources of
energy will need to be harnessed in the future especially as our energy requirements continue to
increase annually.
The development of wind powered generators has gone some of the way towards achieving
preliminary targets and technology in this sector has advanced greatly in the last number of
years. There is however one major drawback with wind energy, and that is the fact that the wind
that powers these generators is often is at its strongest when power is not required and there may
be no wind available when power is in greatest demand. One solution to this problem is to
develop an efficient method of storing the power that is produced at off peak times for use at
peak times. Pumped storage is one proposed solution which would see vast amount of water
pumped into huge storage facilities when power is available but not required and then released
through hydro generators at times of peak demand. Another idea is to pump compressed air into
large underground caverns such as mines and to use this compressed air to drive generators when
required. In any event a more regular source of energy production onto the grid would help to
reduce overall fluctuations and reduce the storage requirement.

2.

TIDAL ENERGY

2.1

Tidal Energy Historically

There is a significant historical precedent for extracting energy from the tides in Ireland. A tidal
mill dating back to A.D. 789 was recently discovered at Nendrum Monastery in Northern Ireland
and it is the oldest vertical tidal mill in Europe. The UK has a record of tidal mills since Roman
times and the Doomsday Book lists over 200 tidal mills in Suffolk alone. [1] Technology may
have come a long way since but a lot of work is still required before even a fraction of the energy
available in tides is extracted successfully.
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2.2

AVAILABLE RESOURCES

The European Union and its member states have set targets for renewable energy production
into the future and as part of the strategy to achieve these aims, a number of studies have been
carried out in order to access the potential for clean energy production. These include studies of
marine tidal current resources around the island of Ireland and their potential to produce energy
in the future. Table 1 is a table of tidal resources available around the coast of Ireland. The
resource categories range from the theoretical resource available to the viable resource available
when all the limiting factors are considered. As technology advances, the effects of these limiting
factors will be lessened and therefore the viable resource should increase accordingly. TWh/yr
refers to Tera Watt hours per year and % Electrical Consumption is the percentage of energy
requirement predicted for the year 2010 that each resource category is capable of providing.[2]

Resource
category

Definition of resource category (Abbreviated)

Theoretical

Gross energy content betA'een 10m depth
contour and 12 nautical mile territorial limit
Theoretical resource limited by existing turbine
support structure technology and to minimum
current of 2.0m,sec
Technical resource limited by wave exposure,
sea bed conditions, shipping lanes, military
zones and disposal sites
Practical resource limited by environmental
constraints specific to each site.
Constraint
indeterminate at report stage
Accessible resource limited by commercial
constraints including development costs and
market reward

Technical

Practical

Accessible

Viable

Table

Resource
Total (TWh/yr)
230

% Electrical
Consumption
(2010)
500

10.46

25

2.63

6.27

2.63

6.27

0.92

2.18

Energy Resource Categories

Figure 1 is a computational model of depth averaged peak spring tidal currents around the coast
of Ireland.
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Fig I; Depth Averaged Peak Spring Currents [2]

The viable resources arrived at in these studies are based on the maturity of the technology
available in 2010. As technology advances, as is the natural progression when devices are tested
and deployed, the viable resources will increase. This also applies to the fact that greater scale of
production will also reduce the cost of manufacturing the devices required to harness the
available energy and therefore make them more commercially viable in areas where that might
not be the case currently.

2.3

TIDAL ENERGY: ADVANTAGES AND DISADVANTAGES

Tidal energy may have a significant part to play in the movement towards self reliance and
sustainability. Tidal energy offers a number of significant advantages over wind power, the most
important one being that tides are very predictable and therefore the energy produced by tides
can be planned for which will allow other energy sources switched in and out on a planned basis.
Tidal technology development is a long way behind wind energy development at the moment but
there are now many companies and organizations working in this field and with the experience
of deploying test devices and installing the first commercial devices, significant steps are being
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taken towards overcoming the inherent problems of operating in the harsh environments where
these devices will be deployed. While most wind energy devices operate on the same generic
principle, there are many imaginative ideas for extracting energy form tidal currents and it may
yet be the case that these differing technologies will all find an area or a situation where their
application is suitable for the local conditions and requirements.
One problem with tidal devices is grid connection and the costs involved in supplying grid
connection to many of the locations where tidal power exists to extract energy on a commercial
basis. This project proposes to look at the feasibility of installing micro tidal generation (<20kW)
in locations where the power can be used locally and therefore negate the grid connection
problem. Again this power would be highly predictive and this would allow for accurate payback
predictions for the project. The Irish Government is actively encouraging Micro-generation onto
the grid, and significant financial inducements are available. If the power generated can be
utilized locally, then an even greater dividend may accrue, as distribution losses are minimized,
and grid imported electricity reduced.

3

TIDAL POWER DEVICES

3.1

TIDAE POWER DEVICE OVERVIEW
There are many tidal power devices coming on stream or in development at present.

Some of these devices have much potential for future development but there are too many to
detail in this paper. Two devices which will be discussed in further detail are Marine Current
Turbines Seagen and the OpenHydro turbine because both of these devices are currently under
test and are grid connected in different parts of the world and also because many of the other
technologies operate on a similar principle to those outlined.

3.2

SEAGEN
Seagen is manufactured by Marine Current Turbines, a UK based company which

installed the world’s first offshore tidal turbine off the coast of Devon in 2003 which was known
as Seaflow In 2008 they installed and commissioned their next generation tidal turbine known as
Seagen in Strangford Eough in Northern Ireland.
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This was the world’s first commercial scale, grid connected tidal turbine. While Seagen is only a
prototype and its deployment in Strangford Lough is not permanent, it allows Marine Current
Turbines to gather much information and to assess its performance. It also allows the
environmental effects of its deployment to be studied. Marine Current Turbines is also
developing technology for use in deep water (in excess of 30m) and the data and experience
derived from the manufacture, installation and commissioning of Seagen is greatly contributing
to the deep water technology.
The act of removing energy from flowing water generates a large thrust reaction in the order of
100 tonnes per MW of energy extracted. This demands that the foundation used are capable of
withstanding this force. Seagen is mounted on a monopole which is securely seated by piles that
are driven deep into the sea bed which makes it very secure even in severe weather. The turbines
can be physically raised clear of the water for maintenance without incurring large costs. Tidal
turbines would normally be installed in areas where strong currents exist which would make the
use of divers or remotely operated vehicles (ROV) virtually impossible therefore the ability to
raise the generators is a significant advantage.
Twin 16m pitch-controlled axial flow rotors turn the two generators. The 16m rotors have a
swept area of 402m2. The rotors are pitch controlled which allow Seagen to be set to a pre
chosen “rated power” at times when high current velocities are expected thus reducing the stress
on the structure. The ability to control the pitch of the rotors also allows the turbines to be
stopped at any time without the need for a braking system. The rotor pitch can be reversed
through 180o to take full advantage of the flooding as well as the ebbing tide. [3]
Seagen has a rated power of 1.2MW and one Seagen unit could reduce C02 by 1690 tonnes per
year. The tower rises to a height of almost 41m above the seabed and has a diameter of 3m. [3]
Figure 2 shows an artist’s impression of the Seagen turbine and the actual turbine raised out of
the water where it can easily be serviced and maintained. [4]
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Fig 2: Seagen Turbine

3.3

OPENHYDRO

OpenHydro is an energy technology company which designs and manufactures marine turbines
for generating renewable energy from tidal streams. The company has a vision of deploying
marine turbines beneath the world’s oceans in order to produce economical energy in a silent and
invisible manner with no cost to the environment. OpenHydro believe that their technology will
enable the vast energy present in tidal streams to be easily harnessed.
OpenHydro’s Open Centre Turbine can be deployed directly to the seabed at great depths to take
advantage of deep ocean currents. By deploying them on to the sea bed, they will be invisible
from the surface and will not pose any navigational hazard.
The Open Centre Turbine consists of a permanent magnet generator located in a duct which is
secured to the sea bed on a frame. The slow moving rotor has an opening in the centre which will
allow marine life and mammals to pass through safely. The blade tips are retained within the
outer structure and the unit operates with very low mechanical noise further reducing the risk to
marine life. The whole unit is constructed of material which will not corrode and will discourage
marine growth. The rotor also operates without any lubrication which reduces the risk of
pollution and also reduces maintenance. Due to the importance of functionality and survivability
that underwater operation demands, the simple construction and single moving part offers a
major advantage over other technologies.
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Economically, the cost of deploying Open Centre Turbines and generating energy from them
would at present be comparable with the costs involved in offshore wind but with larger scale
deployment the costs the costs would tend to trend towards that of onshore wind.
In 2007 OpenHydro installed the first tidal turbine at the European Marine Energy Centre
(EMEC) in Orkney and following successful trials has this year installed a IMW commercial
unit weighing over 400 tonnes in the Bay of Fundy for Nova Scotia Power.
Figure 3 is the Openhydro turbine under test at the European Marine Energy Centre. This turbine
is attached to piles so that it can be raised for inspection and maintenance but future turbines will
be anchored to the sea bed which means that they will not be visible and will not pose
navigational hazards for shipping. [5]

Fig 3: OpenHydro Turbine on test at the EMEC

SITE ASSESSMENT-ACOUSTIC DOPPLER CURRENT PROFILER (ADCP)

In order to determine the suitability of a site, it is essential to fully evaluate the available energy
resources, as noted above this requires detailed knowledge of the flow conditions, flow rates and
time periods. Other information required would include the need for navigational passage,
distance to energy users, river bed terrain, and environmental issues.
To establish the potential energy in the flow, a number of devices will be considered and initially
efforts will focus on an ADCP.
An ADCP is a sonar device which is often used to try to produce a record of water current
direction and velocities over a range of depths and over a specific area. ADCP is the acronym
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normally used for Acoustic Doppler Current Profilers however ACDP is actually a trademark of
a company called RD Instruments but for the purpose of this paper the term ADCP will be used
to refer to current profilers generally.
ADCPs can be configured in a series of different ways depending on the area to be monitored
and the type of information to be recorded. ADCPs can be anchored on the sea bed facing
upwards to measure the currents in the column of water overhead. The device can have a number
of heads or transducers which point at different angles and therefore can take measurements over
a wider area. The ADCPs can be mounted so as to be side listening for situations where canals or
rivers need to be monitored and they can also be used to monitor water discharge. They can also
be mounted on boats for instantaneous surveys over larger areas where the speed and direction of
the craft is taken into account and subtracted from the measured data.
The ADCP works on the principle of the Doppler effect. When sound travels towards a receiver
the sound wave has a higher frequency or pitch than when the sound travels away from a
receiver. This is the effect that most people would be familiar with and can be experienced when
a car approaches w ith the characteristic building of sound that fades as the car passes.
The ADCP uses this to affect by transmitting sound at a constant frequency into the water. As the
sound waves travel through the water they collide with suspended particles in the water and are
reflected back to the instrument. The frequency of the sound wave reflected back to the
instrument will be slightly higher or slightly lower that the transmitted frequency, depending on
if the particle that the sound reflected from and therefore the water surrounding it was moving
away or towards the ADCP. The difference in frequency between the transmitted sound and the
received sound are known as the Doppler affect. The speed and the direction that the particle and
therefore the water are travelling in can be calculated from this information. The further away the
particle that the sound wave strikes is from the ADCP, the longer it will take for the sound to be
reflected back to the ADCP. By monitoring the time taken for the sound wave to return and the
Doppler shift, the ADCP can measure currents at varying distances from depths with each series
of pings. Equation (3) and figure 3 shows how the Doppler shift is used to calculate the current
velocities at different depths for the transmitted and received signals and for radial motion.

(Eq. 3)

Fd = 2Fs(V/C)cos(A)
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[6]

Where:
Fd = Doppler shift frequency
Fs = Frequency of sound (standing still)
V = Relative velocity (between source and receiver)
C = Speed of sound (m/s)
A = Angle between the acoustic beam and the scatter velocity
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Fig. 5 Operation of ADCP

When configuring the transmitting and sampling rate for an ADCP there are tradeoffs which will
determine the results achieved with the instrument.
Fligh frequency transmissions will yield more accurate information but lower frequency
transmissions will travel farther in water and can therefore measure currents over a larger area
and at greater distances from the instrument but with diminished accuracy. ADCPs can measure
currents in a column up to 1000 meters long. These instruments can be battery powered and can
be left in situ to collect and log information over an extended period. The instrument can later be
recovered and the data downloaded for analysis. However if the instrument is pinging at high
frequency, the batteries will exhaust more rapidly and thus effect the time period that the
instrument can be deployed for. ADCPs can also be operated by use of a remote head which can
give up to the minute data and can be constantly powered. There are many different
configurations and deployment techniques available.
If the instrument is deployed in very clear water there may not be enough suspended particles to
reflect the signals and the resultant data may not be reliable but that is generally not a problem in
this part of the world. However if the instrument is not sited carefully turbulent water from
eddies and sub-surface objects can result in miscalculation of the currents present.
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The transducers are normally constructed of piezo materials which expand when energised
causing a wave to propagate through the water. This wave can be directed through the water in
the required direction. Phased array techniques are also used which allows the sound waves to be
aimed of focused in particular directions which allows for smaller ADCPs that can accommodate
large range of frequencies.
Other ancillary equipment onboard ADCPs are the receiver, oscillators, a clock and timing
devices, a temperature sensor, a pitch and roll sensor and a compass. It also has analogue to
digital converters (ADCs), digital signal processors which sample the returning signal and an
instruction set which implements the algorithms.
A typical data samle from an ADCP is shown in figure 6. This data was collected by an ADCP
being towed behind a boat and was collected as part of an experiment in Tuckerton, New Jersey.
[7]
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Fig. 6: ADCP data sample
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5

PROJECT OUTLOOK

A number of sites will be studied and assessed as to their suitability for micro tidal generation.
As part of this process, the tidal currents in these areas will need to be studied and the potential
for energy extraction at these sites will be analysed.
Acoustic Doppler Current Profilers are the standard instruments worldwide for profiling tidal
current speed and direction but are quite expensive and require specialist training to set up and to
process and interpret the data. For small scale projects, the cost of deploying an ADCP could be
prohibitive and so there is a need for a low cost alternative to obtain data.
In the process of this project it is hoped to develop a system for tidal current measurement by
utilizing available low cost marine electronics that could be deployed in an area in order to
capture tidal data over a period of time. This system would need to incorporate transducers to
monitor current speed, direction, tide height and temperature. It would also require a data logger
and a power source. This equipment would need to be incorporated in a buoy or a floating
platform and would also require a mooring system.
It is also hoped to assess a site close to the National Marine College in Cork Harbour for
suitability as an area which might be viable for micro tidal energy generation. The area of
interest is marked with a red circle in figure 7.

Fig 7: Proposed site for assessment for micro tidal energy potential
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Another aim of this project is to assess tidal current devices that would be suitable for the scale
of energy generation that is envisaged within the scope of this project. This may even include the
deployment of a device at the test site or at another site in order to properly evaluate its
performance and its potential return on investment.

6

CONCLUSION

The work to date has concentrated on evaluating the informational requirements that will allow
for a detailed study of low scale tidal energy generation. The requirement for a detailed survey of
the site to fully explore the resource potential has been outlined, and a suitable measurement
system, an ADCP has been identified. Development work on a suitable and cost effective,
instrument is commencing.
An evaluation of suitable energy conversion technologies has been presented, and whilst all the
options presented are designed for large scale operations, they could all be evaluated for smaller
scale development.
A suitable site for the development of the technology has been identified, and the tidal fiows
presented in standard format. This location is directly adjacent to the NMCl, and the project will
be developed with input from NMCl personnel. The site is also next to the proposed MERC
Maritime and Energy Research Centre, and contact has already been established with staff from
this and the CMRC, UCC.

7
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An evaluation of the technologies and methods for the determination of mean flows in
open channels for assessment of suitability for small scale (<20KW) tidal and estuary
flow energy systems for local electricity provision.
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Abstract

The idea of extracting power from the sea and the tides goes back to the middle ages but it has
gained a new impetus over the last number of years.
With the onset of climate change, which necessitates the need to reduce our C02 production, and
with the need to reduce our dependence on expensive foreign fossil fuels, it is now imperative
that all clean renewable sources of energy are utilized fully.
This paper is a review of methods and technologies available for the measurement of tidal flows
in open channels.
T his project hopes to develop a low cost alternative for assessing open channel flows with a view
to determining the potential in open channels for small scale tidal energy production for local use
and this paper also outlines progress made so far and future plans to further this aim.

Keywords

Tidal energy. Tidal flows. Open channel. Flow measurement.

1

Introduction

The drive for renewable energy has been gathering momentum in recent years for a number of
reasons. It is widely recognised that fossil fuels are running out and that alternative sources of
energy will need to be harnessed in the future especially as our energy requirements continue to
increase annually.
Climate change has also been a catalyst in the development of alternative resources. The EU has
also set targets for renewable power generation and all EU members will have to reach these
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targets in the coming years. The development of wind powered generators have gone some of the
way towards achieving targets and technology in this sector has advanced greatly in the last
number of years. There is however one major drawback with wind energy and that is the fact that
the wind that powers these generators often is at its strongest when power is not required and
there may be no wind available when power is in greatest demand. To emphasise this, on the
25/12/2010 peak demand for energy occurred at 12:45 and was 3848MW. Of this energy, only
213MW was supplied from wind power. However at midnight on the same day, peak demand
had dropped significantly but wind power was then supplying lOOOMW of electricity (Web
Eirgrid Web Site, 2010). One solution to this problem is to develop an efficient method of
storing the power that is produced at off peak times for use at peak times. Pumped storage is one
proposed solution which would see vast amount of water pumped into huge storage facilities
when power is available but not required and then released through hydro generators at times of
peak demand.

1.2

Tidal Energy

Tidal energy generation may offer an opportunity to enable the precise prediction of the
availability of renewable energy. Data collected from any tidal area over a period of about four
weeks can be used to allow an accurate prediction of tidal flows in that area for many years.
There are a number of technological issues still to be resolved before tidal stream energy can
make a significant contribution to the overall energy needs of the country but there are many
companies working on tidal generation devices and advances are being made all the time. One
problem facing the tidal energy sector is grid connection. Many of the areas that are most
suitable for large scale tidal energy production are isolated areas well away from existing grid
infrastructure and the cost of supplying grid connection to these areas often makes the project
unviable. Couple this with the large costs of device development and deployment, the time scale
for return on investment and the risks involved in new technology. These problems often result
in finance being difficult to obtain for these projects (Hardisty 2009).
This project hopes to examine the viability of small scale tidal energy projects (< 20KW) where
the energy produced would be used locally therefore negating some of the problems associated
with larger scale tidal projects. In order to assess the suitability of areas for these types of
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projects there is a need for tidal data to be collected and analysed. Because of the scale of these
projects it is important that the gathering of this data can be carried out on a cost effective basis.
It is with this in mind that a review of current methods of open channel flow measurements be
undertaken and a possible low cost alternative method or device be developed.

2.

Open channel flow measurement methods and technologies.

Flow rates in open channels are inherently hard to measure due to non-uniform dimensions and
variations in channel widths and depths along the length of the channel. This will result in
varying flow rate velocities across the channel. Flow velocities also vary with depth due to drag
caused by channel sides and bottoms. In order to establish flow rates it is usually required that
the flow velocity is first established. As mentioned, measuring flow rates in an open channel is
difficult but this is largely due to the difficulty in measuring the How velocity in the channel. A
number of methods have been developed for open channel flow measurement over the years and
the method chosen would depend on the channel dimensions, cross sectional shape and
accessibility.

2.1.

Weirs.

One of the most accurate and simplest ways of measuring flow in an open channel is to divert the
flow through a weir which is a structure of known dimensions. This permits flow rates to be
measured as a function of depth of flow through the structure. A simple weir consists of a
bulkhead constructed from metal, concrete or timber with an opening cut into its top edge which
is of known dimensions. The height of water in the weir in then measures at a given distance
upstream of the weir and the flow velocity can therefore be calculated. A number of flow rate
measuring devices are designed to be used in conjunction with weirs and are useful for
determining discharges from streams and outfalls. These devices can be mechanical, electronic
or ultrasonic. By using these devices to determine the fluid level in the weir pond, the flow rate
can then be determined. The specifications of the weir pond is often incorporated or programmed
into the device to give an instantaneous flow rate reading (Crowe et al 2005).
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2.2.

Flow rate measurements using tracers.

Salt or dye can be used for flow rate measurements and both offer equally accurate results with
the only difference being the equipment required to monitor the dissolution of the chosen
substance.

2.2.1. Colour velocity measurements.

Dyes have the advantage of being easily detected visually but this affords much less accuracy.
For greater accuracy when using dye, fluorometer detection equipment or a set of visual colour
comparison standards must be used. The dye is injected upstream and the water is sampled
downstream. The degree to which the dye has been dissolved will depend on the amount of water
that the dye has mixed with and is therefore a function of the flow rate. Multiple injection points
and sampling at two stations downstream from the injection points produces very high accuracy.
Visual detection is more suitable for pipe work and involves the addition of dye at one end of the
pipe and then timing the first appearance of dye at the other end of the pipe and also the time
taken for the dye to disappear. The mean flow velocity can then be worked out and the discharge
rate can also be calculated using the cross sectional area of the pipe. This system can also be
used in open channel but it has limitations. In fast moving flows, near surface aeration and sprays
can make the detection of the dye difficult and in slow running flows there may be problems
with mixing

2.2.2. Salt velocity measurements.

Salt velocity measurements are conducted in much the same way as colour velocity
measurements. In this case however high concentrations of sodium chloride (NaCl) are injected
into the flow to be measured. Higher concentrations of salt increased the electrical conductivity
of the water. Pairs of electrode placed downstream record the conductivity of the water as it
passes. A series of these electrode pairs can be used to determine how long it will take for the
section of water that had the salt injected into it, to reach the different points where the electrodes
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are situated. Again this method is more suitable for measuring flows in pipe work but it is also
often employed in the measurement of open channel flow velocities.

2.3.

Anemometer and propeller current meters.

Anemometer and propeller current meters are quite common and are useful in many situations.
They consist of a propeller which rotates on a shaft when placed in a current and each revolution
of the propeller produces a pulse or a number of pulses. The faster the propeller turns, the more
pulses are produced. The speed at which these pulses are produced determines the speed of the
flow the instrument is placed in. Anemometer current meters work on the same principle but they
employ anemometer cups in place of a propeller. These instruments are directional and must face
into the oncoming flow in order to work. This is achieved by deploying them on a rod that is
positioned and fixed so that the instrument faces the flow or they can also be deployed by
suspending them on a rope or wire. The addition of a tail fin to the instrument housing will cause
it to turn into the predominant oncoming flow. As this type of instrument does not sense the
directional flow, eddies and backflows may not be detected. It is important to choose the correct
instrument for the required task and some propeller current meters have interchangeable
propellers for different flow velocities and resolutions (Web United States Department of the
Interior Bureau of Reclamation Web Site, 2001)

2.4.

Deflection meters.

A deflection meter consists of a shaped vane that is placed into the flowing water. The velocity
of the flowing water exerts a force on this vane and a secondary device such as a load cell
measures the deflection of the vane. The vanes can be shaped to match the flow section geometry
to make them deflect the same amount for any given discharge regardless of the depth of flow in
the flow section. This however suggests that a presumption is made that the flow in uniform
throughout the water column that is being measured. In open channel tidal basins this will
probably not be the case. Deflection meters can be permanently mounted to a structure or may be
moved from one location to another but the instrument will need to be solidly fixed to some
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immovable object in order that the vane deflects and that there is not movement in the whole
instrument which would affect the accuracy of the deflection meter.

2.5.

Pitot tubes.

Pitot tubes consist of a simple tube pointing directly into the fluid flow. The flow of fluid
entering the tube results in a pressure build up within the tube. The tube has no outlet and
therefore the fluid comes to rest within the tube. This pressure can then be measured is a function
of the velocity of the fluid acting on the inlet of the tube. Pitot tubes are difficult to use in
channels with slow flows as the pressure differential are very small and hard to measure.
Depending on the accuracy required, the secondary equipment needed to measure the pressure
differential could be expensive and difficult to implement.

2.6

Ultrasonic and acoustic flowmeters.

Ultrasonic are employed in a number of different ways in order to measure river and tidal flows.
I'he choice of measuring device will depend on the exact application and the budget available.

2.6.1

Doppler type acoustic meters.

Doppler type acoustic meters consist of an ultrasonic transmitter and a receiver usually
incorporated in a single head. Signals are transmitted at a known frequency and these signals
reflect off suspended solids in the fluid. The receiver then picks up this reflection and the
frequency shift of the received signal from that of the transmitted signal is related to the mean
velocity of the fluid. Because the operation of the instrument is based on the Doppler effect, the
frequency will increase or decrease depending on if the particles are moving toward or away
from instrument and the speed at which the particles moving. This instrument is therefore non
directional and is very effective.

2.6.2

Transit-Time Flow Meters.
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Transit time ultrasonic flow meters are based on the principle that the transit time of acoustics
signals along a known path is altered by the fluid velocity. An ultrasonic signal sent upstream
travels slower than a signal sent downstream. By transmitting an ultrasonic signal in both
directions along a diagonal path, the average path velocity can be measured and the average flow
velocity can be therefore determined. This is a very effective method for measuring flow in
conduits, wastewater and water treatment plants and volumetric metering but may not be suitable
for large open channels and would not be suitable for measuring tidal flows in open water.

2.6.3

Cross-Correlation Ultrasonic Meters.

A cross correlation meter consists of two ultrasonic transmitters and receivers. The transmitters
and receivers are arranged in two pairs with a small distance between them. The instrument
works by transmitting an acoustic signal at high frequency which reflects back to the paired
receiver from suspended solids in the water. The second transmitter also transmits an identical
signal which is reflected back to its paired receiver. The profile of the signals received by both
receivers is compared and when a signal at the second receiver is the same as a signal previously
received by the first, then the same column of water has passed beneath both receivers. Because
of the known distance between two receivers, it is possible to determine the time taken for the
water column to travel from one point to another and therefore the flow velocity can be
determined (Baker, 2000).

Figure 3: Principle of operation of the cross correlation ultrasonic transducer where L = the
distance between the transmitter-receiver pairs and
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t

= transit time. (Web Shenitech Web Site)

2.7

Measurement by float.

This is a method of flow velocity measurement as against an instrument for flow velocity
measurement. Firstly the depth of the channel where the flow measurement is taking place needs
to be determined at various intervals. A float is placed in river at a place where it is straight and
uniform in cross section and grade with a minimum of surface waves. Under the best of
conditions, the floats are often diverted from the most direct course between the measuring
points so this measuring operation should never be carried out on windy days. The floats are then
allowed to travel between the measuring points and the time taken is recorded. Oranges are often
used as floats because they are buoyant and are easy to see. The procedure should be carried out
a number of times and an average time established. The time taken is then multiplied by a
coefficient which is determined by the average depth of the water and the type of river bed
terrain. This system gives a reasonable approximation of the flow velocity.

2.8

Hall effect paddle wheel measuring device.

This is an instrument which has been developed for the purpose of this project which necessitates
the recording of flow velocities in open channels and open seas for the purpose of determining
the potential energy available in tidal flows in particular areas. Due to budget constraints, a low
cost instrument was required and therefore off the shelf marine electronics were used to fabricate
the instrument. An ST300 transducer manufactured by Airmar which consists of a paddle wheel
which turns when placed in moving stream of water. As the paddle wheel turns, it emits a pulse
and the frequency of these pulses determines the speed of the paddle wheel and therefore the
velocity of the stream of water. A device was fabricated to hold the transducer so it could be
deployed and as the transducer is directional, a fm was added to the device so that it would face
into the flow of water at all times. The transducer was connected to an Omega data logger which
records the frequency of the pulses and stores the information. The information can be collected
over a period of hours to weeks and can then be downloaded to a computer.
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Figure 4: Paddle transducer and deployment device.

This device was deployed for testing in an area known as The Crompan, near Youghal in East
Cork. The device was suspended from a bridge where the tide flows into an estuary. While there
was no method for determining the accuracy of the readings obtained, if the transducer was
deployed properly into the fiow, the pulse frequency should be a function of the flow. Initial
results were encouraging in that the maximum flows recorded correlated with the times when
maximum flows would be expected. That is three hours after full tide and three hours after low
tide. However at flows of less than 0.8 m/s there was no information recorded.

Figure 5: Recorded data from Crompan Bridge Youghal

3.

Conclusions and future plans

Due to the need to record data in large tidal estuaries and open areas of sea the measuring
methods and devices were assessed for suitability for the required task. It was decided that a
cross correlation ultrasonic transducer would be best suited and the reasons for this decision are
set out below.
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While weirs work well for irrigation systems and small river networks, there is no possibility of
using this method for assessing flows in large tidal estuaries and channels.
Using tracers such as salt or dye would not be suitable either for large areas where the diffusion
of the trace material would be too hard to monitor or else huge amounts of the tracers would be
required which would not be practical for the envisaged task,
A deflection meter would need to be mounted securely to an object or structure in order for the
deflection of the vane immersed in the water to be measured. This would be difficult to
implement successfully and would certainly affect the portability of the device.
While the pitot tube is a very effective instrument for monitoring flow velocities in conduits,
they are very difficult to implement for open channel measurements and the equipment necessary
to detect and measure the small pressure differences would also be difficult to set up and could
be quite expensive.
Transit time flow meters are also very effective for measuring flow velocities in pipes and
conduits but because of the set up required to send and receive the signals, it would also be very
difficult to set up in a tidal channel and would not work in more open waters.
Float measurements is probably one of the simplest methods of flow velocity measurements but
would require a quite a bit of preparatory work to assess the average depth of the channel to be
measured. This method would also need to be carried out a number of times in order to obtain a
good average. It may not be easy to get the weather conditions necessary for this method very
often especially in winter months on open water. It is not possible to determine flow velocities at
different depths using this method.
The instrument that is most suitable for tidal flow velocity measurements is the acoustic Doppler
current profiler as this instrument is designed specifically for assessing tidal or run of river flow
velocities. However these instruments are very expensive to purchase or even to hire and are
beyond the means of this project.
The instrument fabricated with the use of the Airmar ST300 paddlewheel transducer is promising
but the resolution would need to be better so that lower flows than previous could be recorded.
The deployment device has been redesigned in order to minimise deflection by the tidal stream
and therefore enable the transducer to be presented at a more optimum angle to the water flow so
that turbulence may be reduced and to allow the full flow of the water to impact the transducer.
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It was decided that a cross correlation ultrasonic transducer would be best suited for the project
requirements as the resolution would be much better than the paddle wheel transducer and much
lower flows could be detected. Another transducer manufactured by Airmar, the CS4500 has
been identified as being suitable as its output is the same as the ST300 already being used which
will allow the existing data logger and software to be used and it can be deployed in the same
manner as the ST300. The CS4500 can detect flows of O.OSm/s and can operate within 50cm of
the sea bed without ultrasonic reflections affecting the results. Figure 6 below shows the new
device that has be designed and fabricated to deploy the transducer more effectively and with
minimum deflection.

Figure 6: New device for transducer deployment.

When the ultrasonic transducer has been fitted to the new device and initial tests carried out to
determine its response to a variation of flows, it is hoped to deploy the device in conjunction
with an Acoustic Doppler Current Profiler operated by the Marine Institute in Galway in order to
corroborate its readings. It is then hoped to use the instrument to investigate the differing flow
velocities within a tidal channel at depth varies and to therefore establish the optimum depth for
tidal power extraction.
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8.3

The Development of a low cost instrument for the measurement of tidal stream and
run of river flows.
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Abstract
After an examination of current methods and the instruments available for the measurements of
flows in open channels and tidal flows, a need for an effective low cost device was recognized.
An off the shelf, high end, ultra-sonic speed detector which had been developed for general
marine use was sourced and modified for data collection. A technique for the deployment of the
instrument had to be developed so it would face into the oncoming flow at all times and that the
deployment device itself would have a minimal effect on the velocity of the water flowing
around it. Issues such as powering the device over prolonged periods and recording flow
velocities and different depths would also need to be addressed.

Keywords
Tidal energy. Tidal flows, Open channel, Flow measurement.
1. Introduction
As the tidal energy industry develops there is increasing need to be able to ascertain the tidal
flow velocities in areas where proposed tidal energy developments are contemplated. Accurate
flow velocities are important to enable developers to determine the amount of energy available in
certain areas and also to properly quantify the stresses that the equipment will be subjected to.
Inaccurate flow information has led to the unexpected destruction of equipment which was not
designed to withstand the forces involved. This results in very large costs for the developer in
recovering the equipment, redesigning, repairing and redeployment. If the forces present due to
excessive flow velocities were known in advance, many of these problems could be avoided. In
the field of environmental studies and monitoring, accurate tidal flow velocities are also of great
importance.
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Open channel and tidal flow rates are inherently hard to measure due to variations in channel
widths and depths along the length of the channel and due to the varying bathymetry of the sea
bed. Flow velocities also vary greatly with depth due to drag caused by channel bottoms and
sides.

2. Earlier Studies
Earlier studies looked at the different methodologies and equipment for the measurement of flow
velocities in both open channels and tidal areas. The following is a brief synopsis of these
methods.

2.1. Weirs
A weir is a simple arrangement for measuring How rates in open channels. Once the How rate is
established, the How velocity can then be calculated. Weirs are simple and accurate and work by
diverting the How through a structure of known dimensions. This permits How rates to be
measured as a function of depth of How through the structure. A simple weir consists of a
bulkhead constructed from metal, concrete or timber with an opening cut into its top edge which
is of known dimensions. The height of water in the weir is then measured at a given distance
upstream of the weir and the How velocity can therefore be calculated. [49]

2.2. Colour velocity measurements
Dyes have the advantage of being easily detected visually but are more accurate when used with
Huorometer detection equipment. The dye is injected upstream and the water is sampled
downstream. The degree to which the dye has been dissolved will depend on the amount of water
that the dye has mixed with and is therefore a function of the How rate. Multiple injection points
and sampling at two stations downstream from the injection points produces very high accuracy.
[50]
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2.3. Salt velocity measurements.
Salt velocity measurements are conducted in much the same way as colour velocity
measurements. In this case however, high concentrations of sodium chloride (NaCl) are injected
into the flow to be measured. Higher concentrations of salt increased the electrical conductivity
of the water. Pairs of electrode placed downstream record the conductivity of the water as it
passes.[50]
2.4. Anemometer and propeller current meters.
Anemometer and propeller current meters consist of a propeller or anemometer cups which
rotate on a shaft when placed in a current and each revolution of the propeller produces a pulse
or a number of pulses. The faster the propeller turns, the more pulses are produced. The speed at
which these pulses are produced determines the speed of the flow the instrument is placed in.
These instruments are directional and must face into the oncoming flow in order to work. [51]
2.5. Deflection meters.
A deflection meter consists of a shaped vane that is placed into the llowing water. The velocity
of the flowing water exerts a force on this vane and a secondary device such as a load cell
measures the deflection of the vane. The vanes can be shaped to match the flow section geometry
to make them deflect the same amount for any given discharge regardless of the depth of flow in
the flow section.
2.6. Pitot tubes.
Pitot tubes consist of a simple tube pointing directly into the fluid flow. The flow of fluid
entering the tube results in a pressure build up within the tube. The tube has no outlet and
therefore the fluid comes to rest within the tube. This pressure can then be measured is a function
of the velocity of the fluid acting on the inlet of the tube.
2.7. Doppler type acoustic meters.
Doppler type acoustic meters consist of an ultrasonic transmitter and a receiver usually
incorporated in a single head. Signals are transmitted at a known frequency and these signals
reflect off suspended solids in the fluid. The receiver then picks up this reflection and the
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frequency shift of the received signal from that of the transmitted signal is related to the mean
velocity of the fluid. [52]
2.8. Transit-Time Flow Meters.
Transit time ultrasonic flow meters are based on the principle that the transit time of acoustics
signals along a known path is altered by the fluid velocity. An ultrasonic signal sent upstream
travels slower than a signal sent downstream. By transmitting an ultrasonic signal in both
directions along a diagonal path, the average path velocity can be measured and the average flow
velocity can be therefore determined. [53]
2.9. Cross-Correlation Ultrasonic Meters.
A cross correlation meter consists of two ultrasonic transmitters and receivers. The transmitters
and receivers are arranged in two pairs with a small distance between them. The instrument
works by transmitting an acoustic signal at high frequency which reflects back to the paired
receiver from suspended solids in the water. The second transmitter also transmits an identical
signal which is reflected back to its paired receiver. The profile of the signals received by both
receivers is compared and when a signal at the second receiver is the same as a signal previously
received by the first, then the same column of water has passed beneath both receivers. Because
of the known distance between two receivers, it is possible to determine the time taken for the
water column to travel from one point to another and therefore the flow velocity can be
determined.[54]
2.7 Measurement by float.
This is a method of flow velocity measurement as against an instrument for flow velocity
measurement. A float is placed in river at a place where it is straight and uniform in cross section
and grade with a minimum of surface waves. The floats are then allowed to travel between two
measuring points and the time taken is recorded.

2.8 Hall Effect paddle wheel measuring device.
This is an instrument which was earlier developed during this project. It consists of a Hall Effect
transducer incorporated in a paddle wheel which turns when placed in moving stream of water.
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As the paddle wheel turns, it emits a pulse and the frequency of these pulses determines the
speed of the paddle wheel and therefore the velocity of the stream of water. The frequency of the
pulses is recorded and this information can be collected over a period of hours to weeks and can
then be downloaded to a computer for analysis.
3 Reasons for further development
The need for a device that could record accurate flow velocity information over prolonged
periods cost effectively is very desirable. Ideally this instrument should be capable of measuring
flows without being fouled easily. It should be able to record flow velocities at predetermined
depths or ideally at a range of predetermined depths as flow velocities can vary greatly with
depth. It should have sufficient power to enable it to operate over long periods as tidal data is
often required over long periods. Ideally it should record information on velocity, depth and
direction. It should also be easily deployable and recoverable. Deployment in conjunction with
submerged equipment such as tidal generators on a permanent or semi permanent basis would
also be desirable.
All of the above flow velocity measurement methods are useful in certain applications but are
unsuitable for others. Some are very difficult to implement in the field and do not give
consistently accurate results for a variety of reasons. The equipment required in some cases is
very expensive and requires specialist training to analyze the resultant data. This is especially the
case when measuring tidal flows.

4 Approach taken
The first task was to research and obtain a sensor that would be capable of measuring the flow
velocity with a large degree of accuracy. A marine grade cross correlation ultra-sonic sensor with
a resolution of 0.05m/s was obtained. This sensor is a solid state device which does not require
any calibration and should therefore operate accurately with minimal maintenance. This sensor is
a relatively heavy device and has associated electronics. The output from this sensor is a pulse
which varies in frequency with flow. The sensor itself requires 185mA to operate. This poses a
challenge in itself The sensor is also directional which means that it must face into the flow at
all times.
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These are all drawbacks that must be overcome but the robustness and accuracy of the sensor
make the viability of overcoming these problems worth investigating.

5 Design and development
A method of mooring the device had to be developed that would allow it to move up and down
and also to allow it to rotate so that it would face into the oncoming tide at all times. After a
number of attempts at trying to moor an earlier deployment device so that it would maintain a
forward facing and stable aspect which involved suspending the deployment device in different
ways from a float, it was decided that an alternative method needed to be developed.

Figure 5 Mooring System

The system developed was a weight with a large buoy attached to it by means of a length of rope which
would be shorter than the depth of water at low tide. This would ensure that the buoy would remain
submerged at all times. This would in turn ensure that the rope between the weight and the buoy would at
all times be taut. A smaller buoy would then be attached to the large buoy and allowed to float on the
surface to warn mariners of the presence of something in the water.
The device would then have an attachment at the front which would incorporate a ring through which the
taut rope would pass. This would allow the device to move up or down on the rope as required and also
allow it to rotate into the oncoming stream of water. Initial tests with an earlier device moored in this
fashion proved successful however further tests will be required. Due to the difficulties in testing
equipment in tidal environments and the costs involved, much of the testing of the device and ancillary
equipment will have to be carried out simultaneously at a later time and therefore only rudimentary
testing at each stage of the development was carried.
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An instrument had to be designed to deploy the sensor so that it could be submerged to take tidal flow
velocity measurements at different depths. To do this, the device would need to house the sensor and the
associated electronics. A battery capable of powering the sensor would also need to be housed in the
device along with data logging equipment. The device would need to be streamlined and stable when
submerged in a tidal stream.
The first design appeared to meet most of these requirements. It consisted of an oval shaped device with
vertical hydroplane to aid stability. This design allowed for the inclusion of two ultra-sonic sensors as it
was thought that an average of both measurements would provide a more accurate result. The body of the
device was of sufficient size to house the electronics and a pair of 7Ah, 12V lead acid batteries. The
flange used to join the upper and lower parts would act as a horizontal hydroplane, again increasing
horizontal stability.

Figure 6 Initial design

The design shown in figure 2 incorporates the mooring attachment described earlier. This design and any
subsequent designs would need to incorporate an adjustable buoyancy tank so that the depth at which
flow velocity measurements would be taken could be either pre-set or programmable.

5.1. CFD Analysis
The ultra-sonic sensors chosen to take the measurements operate by transmitting an ultra-sonic signal and
this signal reflects off suspended particles in the water. The reflection returns a profile dependent on the
suspended particles in the water. The sensor contains two transmitter-receiver pairs positioned a known
distance apart. When a reflected profile at the second receiver matches a profile already received at the
first receiver, then the same column of water has passed both transmitter-receiver pairs and therefore the
velocity at which it has travelled can be calculated. The sensors measure the velocity of the water in an
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area 77mm to 127mm from the face of the sensor. It is therefore very important that the device used to
deploy the sensor does not affect the measurement. This could occur if the shape of the deployment
device causes the fluid to speed up excessively as it passes around the device. Any shape that is placed in
a flow of water will result in pressure changes on the surface of the object. Bernoulli’s principle is that as
the pressure increases the flow will decrease and where the pressure decreases the flow will increase.[55]
This can be seen in figure 3 where a simulation of a sphere of 80mm radius is placed in a flow of water at
2m/s. On the front face of the sphere the pressure at its highest and the streamlines show that the velocity
of the flow is lowest whereas around the center of the sphere where the pressure is lowest as indicated by
the white area, the velocity of the flow is at its highest as indicated by the colour of the streamlines at this
area. This must be considered when designing a deployment device for the ultra-sonic sensor.
Pressure
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Figure 7 Analysis of Pressure v Velocity

While a disturbance in the Bow velocity is inevitable when a body is placed in a flow, efforts
must be made to minimize this disturbance so that the area where the velocity is measured by the
sensors is not affected.

CFD analysis was carried out on the first design to ascertain how it

would affect the flow velocity in the critical measuring area. The flow was set at 2m/s as this is
seen as a benchmark, minimum speed for tidal energy production at the moment. In post CFD
analysis a plane was set up perpendicular to the faces of the sensors and different velocity
thresholds were set on this plane. This would allow a visual result of where the velocity
exceeded the pre-set threshold on the plane. Figure 4 shows the results of this analysis. The
velocity threshold on the plane was set at 2.2m/s as this would allow for an error of 10% in
velocity measurements. 10% would be an unacceptable error however this figure was chosen as a
beginning point. It can be seen from figure 4 that the area where the flow disturbance exceeded a
velocity of 2.2m/s extends 125mm from the face of the sensor. This would imply that any
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measurement taken would be at least 10% higher than the actual flow as the sensor measures
between 77mm and 127mm from the sensor face. This design will therefore not work as the
shape of the device is creating too much of a disturbance in the flow.

Figure 8 CFD Analysis of initial design
This design was modified by the addition of baffles in areas that it was thought would result in
the flow hitting the object head on being deflected away from the face of the sensors. In most
cases this actually resulted in an increase in velocity across the faces of the sensors. One of these
designs is shown in figure 5.

Figure 9 Initial design with baffles and wings
The curved baffles on the top and bottom of the device were added in an effort to deflect the
flow over and under the device. The wings added to the ends of both baffles were intended to
maintain a laminar flow over the faces of the sensors. When this shape was analyzed using CFD
it was found that the flow disturbance perpendicular to the sensor faces extended a distance of
125mm which was not an improvement on the original design. A number of variations on the
same theme were tested but no significant advantage was observed. From these experiments it
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was established that the profile of the device facing into the oncoming flow was the
characteristic which most influenced the flow disturbance around the shape. It was therefore
decided to try to design a device which would have as small a profile as possible facing into the
oncoming flow. The length of the device did not appear to have any discernible effect.
In order to design a device with a smaller profile some compromises with regard to

the size of

the batteries required to power the sensors would have to be made. This would have serious
repercussions if the device was required to operate over long periods. This was a problem which
would have to be considered at a later stage as the priority at this stage was to design a suitable
shape for the device.
To try to determine the effect of an increase in flow on the disturbance that this would cause
CDF analysis was carried out again on a simple shape. In this case a sphere was again used. The
sphere was simulated in a flow of water at 2m/s and the results were analysed. A plane was set at
the mid-point of the sphere and a velocity threshold of 110% of the flow was established. The
distance from the sphere at which this velocity was exceeded was noted. The simulation was
rerun at a How of 3m/s and the threshold was increased to 110% of this flow. The distance from
the sphere at which the velocity threshold was exceeded was found to be the same as with the
lower flow.
This exercise was repeated for a number of different flows and it was found the distance from the
sphere where the velocity exceeded 110% of the flow remained the same. There is a linear
relationship between the increase in flow and the distance from the sphere where the disturbance
occurs. This indicated that once a design was found that allowed the sensors to establish an
accurate reading, any increase or decrease flow would not affect the percentage error of the
measurement.
After extensive designs possibilities and CFD analysis the design shown in figure 6 was arrived
at. This device has a round body of 70mm diameter and extends to about 700mm in length. This
size will allow the incorporation of the batteries to power the sensors and the electronics. The
device also incorporates stabilizing hydroplanes attached to the rear of the body vertically and
horizontally.
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This design kept the forward facing profile to a minimum while still allowing the device to
accommodate a single 7Ah 12 lead acid battery. While this greatly reduced the power allowed
for in previous designs, it was decided that there was not a need for the sensor to be operational
continuously as any flow variation would be gradual and therefore it would suffice for the
sensors to operate for one minute in every fifteen. This would reduce the power requirements of
the sensors by a factor of 15. If two sensors were to be used and they required around 190mA
each, this would amount to 380mA per hour. However if the sensors only operated for a minute
every fifteen minutes, this would reduce the power consumption to 25mA per hour. There would
however be other equipment required on board such as a pressure sensor to determine the depth,
an electronic compass to determine direction, timers to switch on and off the sensors, data
logging equipment and a means of adjusting the buoyancy in the buoyancy tank if it was
required to do this autonomously. The sensors alone could only operate for around twelve days
and the device may be required to collect data over a much longer period. The addition of a
propeller driven generator in the rear of the device would provide power for all of the onboard
equipment and keep the battery recharged. Because the device would be anchored in the flow of
water there should be ample power available to run a small generator and the power required to
operate all of the equipment would be very small.
This design would also be easier to construct. It also allows for the device to be modular in that
it could be made in a number of sections and assembled afterwards. This would allow a different
section to house different components. The advantage of this is that if any water ingress occurred
at a certain point, the resultant damage to the onboard equipment would be limited to the area
where the leak occurred and the rest of the equipment would be safe.
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CFD was carried out on this design on the same basis as earlier analysis and it was found that
when a threshold of 103% of the flow was set on a plane perpendicular to the faces of the
sensors, the distance at which the flow velocity increased beyond this threshold did not extend
more than 70mm from the faces of the sensors. This analysis was carried out with varying flows
and the results were conclusive with earlier test results in that distance did not change for a
103% threshold. This should allow for a measurement with an error of less than 3%. Figure 7
shows the results of CFD which was carried out on the device. The water flow was set at 3m/s
and the velocity threshold was set to 3.12m/s which is 104% of the flow. The area where the
velocity exceeded the threshold as a result of flow disturbance caused by the device itself only
extended around 50mm from the faces of the sensors. The results also shows pressure contours
over the entire surface of the device and it also shows velocity streamlines.
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Figure 11 CFD results of final design simulation
6. Model Verification
Due to the fact that there were no facilities availability to test the device in water it was decided
to test a model of the device in a wind tunnel. The wind tunnel available had a test chamber of
30cm X 30cm x 1.5m. The Reynolds number for the device in an arbitrary flow of 2m/s was
calculated but to achieve the same Reynolds number for a model of the device in a wind tunnel,
the model would either need to be very large or the air flow would need to be very high. Because
of the limitations of the wind tunnel available this was not possible so it was decided to construct
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a model of the device that would be suitable to the equipment available and to model a similar
sized device with similar air velocities with CFD. If the results were comparable then it could be
assumed that the CFD results for an actual sized model in water would be accurate.
A model was produced in a rapid prototyping machine. Only half of the model was produced as
it is symmetrical and therefore there is only need to test one half The model was produced in
five sections due to the limitations of the size of model the prototyping machine could produce.
The five parts allowed the model to be tested in two configurations, one being 90° offset form
the other. Only three parts were used for each configuration with the front section being common
to both. This was done to reduce the time taken for the rapid prototyping machine to produce the
models and to limit the cost involved. These models can be seen in figure 7. The front section of
the model on the right will be fitted to the model on the left when required.

Figure 12 Models produced in the rapid prototyping machine
This model will be tested in the wind tunnel. Pressure readings at different points on the model
will be taken. A smoke generator will be employed to enable the visualization of the airflow
over the model and cotton strings will be attached to the model to indicate the direction of the
streamlines. This data will then be compared to the CFD results obtained with the same
simulated conditions.
7. Conclusion and Future Plans
The sensor that has been identified as suitable for this device is a highly accurate, low cost
sensor designed for use in the marine industry. The device itself is a simple tubular construction
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designed to hold the sensor electronics, the data logger and the batteries. A very small power
generator incorporated into the tail of the device would be sufficient to keep the batteries
charged and therefore allow the device to operate for long periods. The data logger used is also a
low cost instrument capable of gathering frequency data for long periods, depending on the
sampling rate. The proposed mooring system is very simple and is easily recoverable for reuse.
The addition of on-board equipment such as pressure sensors and an electronic compass would
add to the complexity and cost of the device but this equipment would add significant capability
to the device.
The work done to date would suggest that a relatively cheap, accurate and sophisticated device
could be manufactured. This device could do the work of much more expensive equipment and
therefore allow areas to be surveyed for small scale tidal energy projects without making the cost
of the surveying prohibitive and therefore putting the whole project in jeopardy.
It is planned to carry out wind tunnel testing shortly to try to verify the CFD modeling. If the
CFD modeling compares closely with the wind tunnel testing, then it can be assumed that the
full scale simulation of the model in water will also be accurate.
Some additional testing of the sensors will be carried out in a tow tank to verify that the data
logging equipment captures the output from the sensors correctly and that the data is interpreted
properly so as to give an accurate measurement.
The next part of the project is to look at the buoyancy requirements and to examine methods for
an autonomous buoyancy system to allow the device to take measurements at different depths
over time. A system of transmitting data to shore on a synchronised basis which would allow for
up to date velocity readings being available without the need to recover the device to download
data.
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10 Appendices
10.1 Drawings
10.1.1 Complete solid device

70

as
’Hhl I
ov.

T?07§» 8
=0fts|3 I

70

□

V
i §1
a
'il

1 iSO!

= 50?;'^E

saS"
A *

O
"D

o

S 0

2

:

5 0
GO

0
Q.
GO ^
C 3

O'
189

•<j^
Oi.

if

Jl

s

10.1.2 Half device with flat sensors
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10.1.3 Half sub with vertical sensor
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10.2 Datasheets

10.2.1 REUK timer

The REUK Super Timer can be programmed with ON and OFF durations of 1-99 seconds, 1-99
minutes, or 1-99 hours. The ON and OFF durations do not have to have the same units or the same
values - e.g. it is possible to have a timer which is on for say 3 seconds and then off for 7 hours etc.
Therefore, for most repeat relay timer applications the REUK Super Timer will be suitable - however, if
you require a timer which can be programmed with an ON duration of say exactly two and a half
minutes, this is not the product for you (since you could set the ON time to be 2 minutes or 3 minutes,
but not 2 1/2 minutes).
If the REUK Super Timer is not suitable for your needs, please contact neii&reuk. co. uk with details of
your exact requirements and we can put together a special order for you for around the same price.
<30 VDC
<30 VAC

Programming Button

Device to be
controlled

Powering the Timer
The REUK Super Timer is designed to be powered by 12VDC. It is possible to power the timer safely with
an input voltage of 10-16VDC. Below lOVDC the relay switch will not close and so the timer will not do
anything; above 16VDC the relay and other components on the circuit board could be permanently
damaged.
During OFF cycles the timer draws no more than around 5mA, and during ON cycles It draws around
50mA (= 0.6 Watts @ 12VDC).
Switching Devices with the Relay
The relay fitted to this circuit is rated at 10 Amps (lOA @ <250VAC or lOA @ <30VDC), however we
only recommend it be used to switch low voltages of <30VDC or <30VAC. If you intend to switch a
higher voltage e.g. mains electricity, then we accept your purchase of this item only on the condition that
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a qualified electrician makes the necessary connections and checks over the circuit and any enclosure you
put it into to confirm that everything is correctly earthed and insulated, and that it meets all current
safety regulations.
Although the rating of the relay is 10 Amps, if you intend to switch an inductive load (anything which
generates a magnetic field - e.g. a motor, pump, solenoid, relay etc), the relay should not be used if the
device is rated at more than around 4-5 Amps since at start up a surge current in excess of the lOA
rating could damage the relay and circuit board.

DEVICE

If you have a device to switch which requires a larger relay, either contact neiK^reuk.co.uk and request
the MOSFET version of this circuit to which you can connect a suitably rated automotivejelay, or simply
use the on board relay to switch a suitably rated secondary relay (as illustrated above).
Programming the Timer
For the first 10 seconds after the circuit is connected to the power the yellow LED will be lit. During this
time it is possible to re-programme the ON and OFF durations of the relay. Press the button once and the
yellow LED will turn off. This confirms that you have entered programming mode.
For the ON and OFF durations you must enter first the timing units (hours, minutes, or seconds), and the
two digit number of those units - e.g. 03 or 47 (from the range 01 to 99).
Programming entails entering six numbers in the following order:
1) ON duration time units: 0 = hours, 1 = minutes, 2 = seconds
2) ON tens: e.g for a 43 second ON time, this value would be 4 (since 4 x 10 = 40). For a 1-9 second
duration this value is 0 - e.g. 01, 02, 03,...09
3) ON ones: e.g. for a 43 second ON time, this value would be 3
4) OFF duration time units: -as above5) OFF tens: -as above6) OFF ones: -as aboveTo enter each value in turn, the technique is described below:
The red LED will light up for 2 seconds. If you want to enter a 'O' then press the button while the red LED
is on. When the red LED turns off, the green LED will start flashing - on for 1.5 seconds, then off for 0.5
seconds. If you want to enter a '1' then press the button while the green LED is lit for the first time. To
enter a '2', wait until the green LED turns on for the second time and press the button. To enter a '3'
press the button the third time the green LED lights up...and so on.
When you press the button the green LED (or red LED if you are entering a '0') will immediately turn off,
and the yellow LED will light up and stay on for one second. This gives you visual confirmation that your
input has been accepted and tells you to get ready to enter the next value. When the yellow LED turns
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off and the red LED lights up again repeat as above to enter the next value.
If you make a mistake while programming, just disconnect the circuit briefly from the power and start
again. It is much easier to programme the timer if you prePare yourself beforehand by working out and
writing down the six values in order so that you are ready to enter them.
For example, if you want a timer which will be ON for 7 seconds and then OFF for 23 minutes, the ON
timer units are seconds ('2'), and the OFF timer units are minutes ('!'). Therefore you would need to
enter the following sequence of values:
'2' (seconds - second green LED), 'O' (no tens- red LED), '7' (7 ones - seventh green LED),'!' (minutes first green LED), '2' (2 tens - second green LED), '3' (3 ones - third green LED). So, you would write
down
2 red 7 1 2 3
before you programme the timer - note that 'red' is written rather than 'O' so you remember to press the
button when the red LED is on.
If you enter a number greater than 9 for the tens or ones, '9' will be saved. If you enter a number
greater than 2 for the time units, '2' will be saved - i. e. your timer will be programmed in seconds.
When you have programmed all six values, the timer will immediately start with the ON cycle closing the
relay with the green LED on. When the OFF cycle starts, the green LED will be off. As long as the timer
remains connected to the power, it will continue to repeat the ON and OFF cycles with the programmed
settings.
The programmed ON and OFF durations are stored in non volatile memory, and so will be retained even
when you disconnect the circuit from the power. Therefore, you only need to go through the
programming steps if you want to change the ON and/or OFF duration for some reason.
Timer Accuracy
The accuracy of the timer is better than around 1%, i.e. over the course of an hour the timer maygaiw^ or
lose 30 or so seconds (usually far less). Therefore the timer is not suitable for use where exact timings
are required - e.g. if you want something to be turned on at exactly the same time every day (since the
times will drift over days and weeks).
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10.3 CFD Convergence graphs
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10.4 Surface monitor
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Final design CFD analysis mass flow rate at outlet.
Mass flow at the inlet was 1.27kg/s and therefore conservation of mass was maintained.
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10.5 Quotations

10.5.1 RDl Workhorse Sentinel

a. WHS600 - Each Teledyne RDl 200m rated, 600kHz, Workhorse Sentinel ADCP with - US$ 21,650
- 256MB memory card
- WHABP battery pack
- 5m power/data cable (for setting-up/data download and direct reading use)
- 48V DC power supply
- Spares kit
- Software
- Manual
- Shipping case

b. Options for vessel deployment:
- W^HBTK bottom tracking upgrade - US$ 1,500
- WHLCAB25, 25m power/data cable (if 5m standard cable is not long enough) - US$ 955

c. Options for seabed deployment:

ADCP options:
- WHABP spare battery pack - US$ 135
- WHMEM-2GIG, 2GB memory card (max.2 per ADCP) - US$ 500
- WHPRES pressure sensor - US$ 850

Bottom mounting options:
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- Short term - MSI TG-0 open tripod mount with gimbal, ADCP/release option brackets, and yellow
power coat finish - US$ 2,840
- Long term - MSI MTRBM anti-trawl mount with gimbal, lifting post, ADCP bracket, stainless anchoring
feet, and anti-foul paint - US$ 3,475

Acoustic release option:
- MSI MTRBM recovery system with float, canister, release bracket - US$ 1,000
-1/4" rope for MTRBM recovery canister, per meter - US$ 4.20
- EdgeTech SPORT LF release transponder - US$ 4,900
- EdgeTech PACS acoustic release deck unit with LF transducer and 20m cable - US$ 6,750

Sales Terms:
1. The above prices are in US Dollars and are ex-works USA, exclusive of freight, duty and VAT
as applicable.
2. All items are offered subject to export licence requirements as applicable to the product and end-user
country
3. Quotation validity is 30 days.
4. Delivery is currently 30 days subject to confirmation at the time of order.
5. Payment terms are 30 days subject to account status.
6. All equipment remains the property of Saderet Ltd. until full payment has been received.
7. Overseas shipments are not covered by insurance and we may be able to offer this on request, at
additional cost.
8. Please provide us with instructions on how you wish us to ship/import the order, and confirm if you
may qualify for duty relief detailing the circumstances.
9. Saderet usual terms of sale apply.
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10.5.2 Valeport MIDAS ECM

Customer Address:

Valeport Limited
Ref telecon of 3/10/12
Valid From 03/10/2012

5709
Cork Institute of Technology
Bishopstown
Cork
Ireland
St. Peter's Quay, Totnes, Devon, TQ9 SEW, United Kingdom
Tel: 00 44 (0)1803 869292 Fax: 00 44 (0)1803 869293
E-mail: sales@valeport.co.uk Website: www.valeport.co.uk

Quotation:
Delivery Address
Valid for
Salesrep:

60 days

Tom Daly
Kevin Edwards

Contact
Fax:

Tel DOC NO

5709 +353 021 432 6100

Line No Item Description Unit Qty Price Line

1 0808008 MIDAS ECM Self recording / Direct 1 4972.50
reading electromagnetic current
meter in ACETAL housing. Fitted
with an 11cm discus sensor and
compass; measuring speed and
direction; 16Mb Flash memory and
internal battery pack (8 x 'D' cell).
Supplied with deployment frame.
Subcon switch plug, DataLog
Express Windows software
package, 3m Y lead (probe to PC
and power supply), RS232/USB
adaptor, tool kit, operating manual
and system transit case.
Special Discount: 15.00%
Each 4972.50
2 04000565 0.01% accuracy pressure sensor 1 785.40
option (specify range required)
Special Discount: 15.00%
Each 785.40
Quotation Notes:
Prices are issued in Pounds Sterling, FCA Valeport, Totnes, UK. Incoterms 2010
A 15% academic discount has been applied
Delivery is currently 8 weeks from order
Payment terms are 30 days net of invoice
Valeport terms and conditions of sale apply
VAT No: GB 430 4453 84 Registered in England No: 1950444
Handelsbanken, 11 The Crescent, Plymouth, Devon, UK, PL1 3AB
Sort Code: 40 51 62 Account No: 24073512 IBAN No: GB64HAND40516224073512 BIC No: HANDGB22
Customer Address:

Valeport Limited
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Ref telecon of 3/10/12
03/1 0/201 2

Valid From

5709
Cork Institute of Technology
Bishopstown
Cork
Ireland
St. Peter's Quay, Totnes, Devon, TQ9 SEW, United Kingdom
Tel: 00 44 (0)1803 869292 Fax: 00 44 (0)1803 869293
E-mail: sales@valeport,co,uk Website: www.valeport,co.uk

Quotation:
Delivery Address
Valid for:
Salesrep

60 days

Tom Daly
Kevin Edwards

Contact:
Fax:

Tel: Doc NO

5709 +353 021 432 6100

Line No Item Description Unit Qty Price Line
Transport 0.00
Charges 0.00
Goods Value 5757.90
Value UK£ 5757.90
Transport: 0.00
Note:
VAT No: GB 430 4453 84 Registered in England No: 1950444
Handelsbanken, 11 The Crescent, Plymouth, Devon, UK, PL1 3AB
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